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FOREWORD 


This  report  contains  the  results  oi  a research  study  supported 
by  the  Advanced  Research  Projects  Agency  under  ARPA  order  No.  2484.  The 
ARPA  Project  Officer  was  Dr.  Stanley  Ruby,  Materials  Sciences. 

This  report  is  presented  in  three  volumes,  containing  the 
following  major  sections. 

Volume  1.  Interactions  of  Materials  with  New  Fuels 
I Introduction 

II  General  Characteristics  of  New  Fuels 
III  Behavior  of  Engineering  Materials  in  New  Fuel 

Environments 

Volume  2.  Materials  Aspects  of  the  Use,  Production , Transportation 
and  Storage  of  New  Fuels 

IV  Materials  Aspects  of  the  Use  of  New  Fuels 

V Materials  Aspects  of  the  Production  of  New  Fuels 

from  Nonfossil  Sources 

VI  Materials  Aspects  of  the  Transportation  of  New  Fuels 

VII  Materials  Aspects  of  the  Storage  of  New  Fuels 

Volume  3.  Materials  Research  Needs  in  Advanced  Energy  Systems 
Using  New  Fuels 

VIII  Correlation  and  Analysis  of  Materials  Requirements 

IX  Research  Recommendations  and  Priorities 

* 
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butions to  the  performance  of  this  study  by  the  following  SRI  staff 
members:  T.  Anyos,  M.  Barnes,  E.  Capener,  T.  Goodale,  D.  Hildenbrand, 

P.  Jorgensen,  G.  Koo,  R,  Weaver,  H.  Wise,  R.  Wright,  and  the  Staff 
of  the  Report  Services  Department.  We  would  especially  like  to 
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regard  to  the  discussions  of  fuel  cells,  the  electrolytic  production  of 
hydrogen,  and  high  energy  density  batteries.  We  would  also  like  to 
express  our  appreciatioi  of  the  many  members  of  the  staff  of  government 
and  industrial  organiz&l  ions  who  gave  us  the  benefit  of  their  knowledge 
and  experience. 
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VIII  CORRELATION  AND  ANALYSIS  OP  MATERIALS  REQUIREMENTS 


This  section  summarizes  the  materials  research,  development  and 
testing  programs  identified  in  Sections  IV  through  VII  (Volume  2)  needed 
to  support  the  use,  production,  transportation,  and  storage  of  the  new 
fuels.  The  summary  is  presented  in  tabular  form  in  Tables  VIII-1  through 
VIII-4.  Table  VIII-1  summarizes  the  materials  research,  development,  and 
testing  needs  related  to  the  use  of  now  fuels  and  Table  VIII-2  provides 
this  information  for  the  production  of  new  fuels.  Tables  VIII-3  and 
VI I 1-4  summarize  the  transportation  and  storage  aspects,  respectively, 
of  the  study. 

The  primary  grouping  used  in  these  tables  is  the  major  equipment  or 
process  class.  The  significance  of  the  various  column  headings  is 
described  in  more  detail  below. 

Item  Number  (Column  1) 

The  item  number  appearing  in  the  first  column  is  a three-digit 
number  that  identifies  a specific  research,  development,  or  testing  need 
listed  in  Column  7.  The  first  of  the  three  digits  identifies  the  major 
equipment  or  process  class  to  which  the  item  relates.  For  example,  in 
Table  VIII-1  the  initial  digit  1 refers  to  the  major  equipment  class  of 
Turbines.  The  second  digit  is  allocated  to  a subclass  of  equipment  or 
process  associated  with  a particular  fuel.  For  example,  the  second 
digit  1 in  Table  VIII-1  is  associated  with  conventional  steam  turbines 
burning  hydrogen,  while  the  second  digit  2 is  associated  with  conven- 
tional ga3  turbines  burning  hydrogen  with  air;  the  second  digit  5 is 
associated  with  conventional  gas  turbines  burning  ammonia.  The  final 
digit  refers  to  a specific  materials  research,  development,  or  testing 
need  itemized  in  Column  7 of  the  table. 
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Equipment  Class  (Column  2) 


The  equipment  or  process  class  is  shown  in  Column  2 of  the  table, 
with  the  actual  heading  varying  according  to  the  major  topic- — use-pro- 
duction, transportation,  or  storage — with  which  the  table  is  concerned. 

The  major  equipment  or  process  class  is  shown  capitalized  in  association 
with  a single  digit  in  Column  1.  Under  each  major  class  a number  of  sub- 
classes of  equipment  or  processes  are  listed  to  further  define  the  problems 
and  solutions  associated  with  each  major  class.  For  example,  in  Table 
VIII-2  under  the  major  process  class  of  Advanced  Electrolyzers,  the  var- 
ious electrolyzer  types  are  subclassified  according  to  the  electrolyte 
used.  Each  electrolyte  is  indicated  by  a different  second  digit  in  the 
item  number,  as  explained  above. 

Fuel  (Column  3) 

Column  3 lists  the  particular  fuel  with  which  the  research,  develop- 
ment, and  testing  need  is  associated.  In  some  instances,  where  there  is 
an  option  of  burning  the  fuel  with  air  or  oxygen,  the  use  of  one  or  the 
other  is  noted. 

Problem  Area  (Column  4) 

Column  4 shows  the  general  problem  area  in  which  the  research,  develop- 
ment, and  testing  need  exists.  This  is  generally  a particular  part  of 
the  specific  equipment  or  process  listed  in  Column  2.  In  some  instances, 
it  is  a generalized  statement  of  a problem,  which  may  or  may  not  have 
particular  materials  aspects.  Foi  example,  in  Table  VI 11-2  conventional 
electrolyzers  of  both  unipolar  (Item  1.1.1)  and  bipolar  (Item  1.2.1) 
types  do  not  suffer  from  any  major  materials  problem  but  are  generally 
deficient  in  the  problem  area  of  efficiency  and  cost,  for  which  the  only 
solution  appears  to  be  a major  improvement  in  the  overall  technology. 
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Type  of  Solution  (Column  5) 


Column  5 defines  the  type  of  activity  needed  to  solve  the  problem 
describee  in  Column  4.  This  may  be  a materials  activity  described  by 
general  terms,  such  as  materials  research  or  materials  selection,  or  by 
more  specific  terms,  such  as  catalyst  development.  In  some  instances  the 
activity  required  may  be  of  a type,  such  as  engineering  design,  to  which 
materials  oriented  activities  do  not  directly  contribute.  In  many 
instances,  the  type  of  solution  involves  both  materials  oriented  and 
other  types  of  activity. 

Materials  Problems  (Column  6) 

Column  6 identifies  specific  materials  problems,  that  are  components 
of  the  general  problem  area  listed  in  Column  4.  Several  materials  problems 
may,  of  course,  be  identified  within  a single  problem  area.  In  other 
instances,  such  as  those  where  the  type  of  solution  indicated  in  Column  5 
does  not  include  a materials  activity,  Column  6 contains  a negative  entry, 
such  as  "none"  or  "none  expected." 

Materials  R,  D,  and  T Needs  (Column  7) 

Column  7 lists  the  specific  program  required  to  solve  the  materials 
problems  identified  in  Column  6.  Where  possible  these  programs  are 
described  in  sufficient  detail  to  identify  the  specific  materials  activity. 
In  some  instances,  an  entry  is  made  that  indicates  general  support  for 
engineering  design  or  development  activities.  In  tl-.-se  cases,  the  precise 
nature  of  the  materials  research,  development,  and  testing  needs  cannot 
be  identified  until  the  engineering  effort  is  in  progress.  Each  entry 
in  this  column  is  specifically  identified  by  the  item  number  in  Column  1, 
even  when  no  specific  materials  research,  development,  and  testing  needs 
exist . 


f 


VI I 1-3 


Remarks  (Column  8) 


Column  8 contains  comments  to  clarify  the  problem  area  or  the  program 
suggested.  In  addition,  references  are  made  to  other  items  in  which 
similar  or  related  work  is  suggested.  No  comment  is  indicated  by  a dash. 

Report  References  (Column  9) 

Column  9 is  a specific  topic  reference  to  Volume  2 of  the  report. 
Additional  information  and  discussion  of  each  problsm  area  can  be  located 
in  Volume  2 by  using  this  topic  reference  in  conjunction  with  the  Table 
of  Contents  of  the  relevant  report  section. 
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TABLE  VIII-1 

MATERiALS  RESEARCH  DEVELOPMENT  AND  TESTING 
NEEDED  TO  SUPPORT  THE  USE  OF  NEW  FUELS 


l®«_ 

I 

it 


Table  VI *1-1 

MATERIALS  RESEARCH  DEVELOPMENT  AND  TSSTINJ  REEDED  TO  SUPPORT  THE  USE 


Item 


No. 

BMEnSTkl-WM'MJ-i 

rufcl 

Problem  Area 

Type  of  Solution 

Materials  Problems 

Material 

TURBINES 

l.i.i 

Steam, conventional . 

II3  'air. 

fuel  supply  system 
exposed  to  hydrogen. 

Materials  selection. 

Hj  environment  effects. 

Test  materi 
environment 
operating  1 

1.1.2 

Modified  burners 
required. 

Higher  flame  tempera- 
ture. 

'Ji-Men:  isatmials 
select ion. 

Increased  operating 
tn!»i*-irature. 

Component  t< 

1.2.1 

Gas,  conventional 
(Including  indus- 
trial, aircraft, 
marine,  and  auto- 
motive types) . 

Hj  (gas  or 
liquid) 

/air. 

Fuel  mpply  systems, 
heat  exchanger/garl- 
fier  exposed  to 
hyd regen. 

Materials  Selection , 

Cryogenic  temperatures, 
Hj  environment  effects. 

Determine  ti 
erties  of  ci 
purity  and  1 
Hj  gas  envi; 
approximated 

1.2.2 

Modifications  required 
for  compreseor/turbi ne 
matching. 

Design. 

None  expected. 

None. 

1.2.3 

Combustors,  vanes, 
blades,  affected  by 
higher  ilame  tempera- 
tures, high  HjO  con- 
tent combustion  gases. 

Materials  research, 
development  and 
testing. 

Effects  of  high-terapera- 
ture,  high  HjG  content 
environments  on  combustor 
and  turbine  materials. 

Fundamental 
temperature 
on  Si j\'4 , Cl 

1.2.4 

Determine  cj 
and  oxidatit 
candidate  a] 
ings  in  sib: 
gases. 

1,2.5 

Engineering  design  and 
development  of  advanced 
cooling  atethods. 

Materials  behavior  in  fuel 
or  water-cooled  combustors, 
vanes  or  blades. 

Srosion/con 
and  ceramic! 
temperature 

1.2.6 

Behavior  of 
ceramics  in- 
nately 2500' 

1.2.7 

Fabrication  of  components 
for  advanced  cooling 
systems. 

Materials  et 
design  and  c 
cooling  sysl 

i:3:i 

Gao,  hydrogen 
expansion. 

Hj  liquid, 
gasified 
and  burned 
with  air. 

Fuel  supply  system, 
heat  exchanger/gas i- 
fler,  and  turbine 
exposed  to  hydrogen. 

Materials  selection. 

Effects  of  high  purity  HL, 
environment  on  materials 
of  construction  iron  -423*F 
to  1500SF  under  steady  and 
fluctuating  stresses. 

Materials  ar 
long  times  j 
Effect  of  H, 
lure  tougtuu 
of  stainless 
brazing  allc 
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Table  Vin-l 


DEVELOPMENT  AND  TESTING  NEEDED  TO  SUPPORT  THE  USE  Of  KB*  FUELS 


Materials  Problems 


Materials  R,  D,  and  T Needs 


Remarks 


Report  Reference 
in  Vol . 2,  Sect.  IV 


selection.  environment  effects. 


Increased  operating 
temperature. 


Test  materials  and  components  in  Ht 
environments  to  establish  safe 
operating  limits. 

Component  testl't. 


A-l.l,  A-4. 4,  A-5.4 


Life  of  boiler  tubing  likely 
to  increase  due  to  clean 
fuel . 


■election . 


• research, 

jt 

ant  and 


Cryogenic  temperatures. 
H,  environment  effects. 


None  expected. 


Effects  of  high-tempera- 
ture,  high  H^O  content 
environments  on  combustor 
a*  urblne  materials. 


Determine  tensile  and  fatigue  prep- 


Candldate  materials  include 


ertles  of  candidate  materials  in  nigh  Al  alloys  austenitic  stain- 


purity  and  deliberately  contaminated  less  steels,  nickel  alloys, 
H2  gas  environments  froM  -423CF  to  and  special  brazing  alloys  , 

approximately  000'' F. 

None.  Advanced  composite  and  Ti 

alloy  materials  and  fabric- 
ation programs  for  conven- 
tionally fueled  gas  turbines 
are  relevant. 

Fundamental  studies  of  effect  of  high-  Development  rand  tooting  of 


temperature  , hich-HjO  environments 
on  SijN,,  Cb  alloys,  coatings. 


Ag  design  and  Materials  behavior  in  fuel 
Bt  of  advanced  or  water-cooled  combustor j, 
tthods.  vanes  or  blades. 


Fabrication  of  components 
for  advanced  cooling 
systems. 


high- temperature  alloys, 
coatings  and  ceramics,  pro- 
ceeding for  conventionally 
fueled  gas  turbines,  is 
relevant,  ft,  0,  and  T pro- 
grams need  expanding  to 
include  modified  environ- 
ments due  to  change  of  fuel. 


Determine  creep  and  fatigue  properties 
and  oxidation/corrosion  resistance  of 
candidate  alloys,  ceramics  and  coat- 
ings in  simulated  H,/air  combustion 
gases. 

Erosion/corrosion  of  candidate  alloys 
and  ceramics  m high-velocity,  high- 
temperature  HjO. 

Behavior  of  candidate  alloys  and 
ceramics  in  H,  frees  -423’  to  approxi- 
mately 250©°F. 

Materials  engineering  su-port  for 
design  and  development  of  advanced 
cooling  systems. 


A-2.2,  A-4. 4,  A-5.4 
(See  also  Vol . 1 , 
Section  1II-A). 


A-2.1,  A-4.1 


A-2,  A-4.  A-5.2 


Required  1*  water  cooling  la 
feasible. 


soquireo  if  hydrogen  fuel 
cooling  is  feasible. 


A-2,  A-4,  A-5.2 


A-2,  A-4,  A-5.2 


A-2,  A-4,  A-5.2 


A-2, A-4,  A-5.2 


selection.  Effects  of  high  puiity  Hj 
environment  on  materials 


Materials  and  component  testing  for 
long  times  in  high-purity  H,ga*. 


of  construction  from  —i23*F  Effect  of  K*  cn  tansile,  creep,  frac- 


to  150 0*F  under  steady  end 
fluctuating  stresses. 


tore  toughness  end  fatigue  behavior 
of  stainless  steels,  superalloys  and 
brazing  alleys  from  -423* F to  1500*F. 


Overlaps  items  1.1.1  and 

1.2.1. 


A-2.2.  A-4,3.5, 
A-4.4,  A-3,4 
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Table  VIII-1  (Coat Lnued) 

MATERIALS  RESEARCH  DEVELOPMENT  AND  TESTING  NEEDED  TO  SUPPORT  THE  USE  OF 


$i-  Ite« 

t So. Equipment  Class  fuel Problem Area Type  of  Solution  Materia?  a Problems Maiorl  alsS 
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ts;i1*  viii-i  <cont;..,u3c) 

RESEARCH  DEVELOPMENT  AND  TESTING  NPBDEi'  TO  Al  PTORT  THE  U9F  'F  JiE*  FUELS 


of  Solution 


Materials  Problems 


Materials  R,  D,  and  T Netoa 


Remarks 


Report  Reference 
In  Yol.  2.  Feet.  1 


»rl»l«  Selection. 


Cry'^enic  temperatures, 
ft,  environment  effects. 


See  iteji  1,2.1. 


Mtblish  and  adhere  Ignition  of  metals  and  None. 

Safety  standards.  organic  materials. 

(ineerlng  design  and  Effects  of  high  teaperatcre  None  at  this  tiac, 
mlopr«nt  of  advanced  and  H,0  environments  on 
Sing  methods.  candidate  aetellm  and 

tsricla  R,  D,  and  T.  ceramic  materials  of  con- 

' construction . 

> 

rial*  Selection.  Stress  corrosion  cracking  Establish  limits  of  phenomena  with 
of  steels,  copper  alloys.  regard  to  stoel  composition,  stress 

level  and  type,  and  ammonia  contami- 
nant concentration. 


gn  for  optimum 


rials  selection. 


in  for  optimum 


No  special  problems  expec-  None, 
ted. 


Avoid  Tl  alloys.  None. 


A-1.3.  A-5.3 


- See  Vol . 1 , Sect . 

lll-F 

Initiation  of  matalials  R,  A-1.3,  A-4.2.  A-5 

S,  and  T should  await  further 

concept  de/elepacnt.  I teas 

1.2.3.  through  1.2.7  will 

genorats  relevant  data.. 

Research  programs  primarily  A-3.  See  also 
directed  to  materials  prob-  Vol.  1,  Sect.  Ill 
leus  in  the  transportation  of  D.i. 
ammonia  will  provide  most  of 
tfcls  data. 


A-3.  See  also 
Vol.  1 Sect.  111- 
E-l 


materials  High-pressure  hydrogen 

tlon,  development  environments  frut  cryogenic 
testing.  to  high  temperatures;  high- 

temperature  oxidising 
environments,  high  aerody- 
namic stresses , high-fre- 
>F>ency  fatigue,  thermal 
fatigue,  severe  thermal 
shock  and  thermal  stresses. 


Not  clearly  definable  at  this  tiac. 


Relevant  data  will  be  pro- 
duced by  Items  1,2.1,  1.2,3, 
1,2.4,  and  1.3.1. 
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Equipment  Class  Fuol 


Problem  Area 


Type  or  Solution 


Materials  Problems 


Materials  R, 


ROCKET  PROPULSION 
ENGINES 


3.1.1  Hydrogen/ oxygen.  !L,  JOx 


Turbine  drive  units 
Tor  fuel  pumps.  Heat 
cxchangcrs/gasi f ler 
(thrust  chamber 
cooling) . 


Materials  selection. 


High-pressure  hydrogen  or 
hydrogen/water  environ- 
ments. Temperature  range 
determined  by  design,  but 
spans  -4230F  to  about 
1500oF,  Principal  problems 
at  higher  temperatures. 


I term). nation  oi 
toughness , creel 
erties  oi  candi: 
steels,  NT  ailoj 
high-pressure  1L 
envlropoents  at 
the  range  -428‘i 


Long  life  combustion 
chamber  and  nozzle. 


Design,  materials 
selection,  materials 
development  and  fabri- 
cation. 


High-pressure,  V.  high- ten-  Materials  and  ct 
erature,  high-velocity  HjO 
environment.  Thormal  shock, 
thermal  fatigue. 


3.2.1  Monopropellant.  Hydrazine, 


Very  long  life  doccapo-  Catalyst  research  and 
sltion  catalysts.  devnlo,*-ent. 


Present  iridium  catalysts 
tend  to  lose  activity  and 
alumina  catalyst  support 
material  deteriorates  after 
long-term  intermittent  use. 


Fundamental  stu< 
mechanism  of  ca' 
deterioration. 


Development  of 
catalyst . 


. M.H.D,  SYSTEMS 


4.1.1  Hydrogen  fueled. 


Hj/air  or 

H,/0j 


Hj  cooled  magnets. 
Hot  gas  channel. 
Electrode  materials. 


Materials  selection.  H,  environment  c-Ifects. 

Engineering  design  and  High- 11,0,  high- temperature 
development.  gas  stream. 


None  at  this  ti 


F 3. 

INTERNAL  COMBUSTION 
ENGINES 

5.1.1 

Spark  or  diesel. 

Hj,/air 

Fuel  system  components 

Materials  selection. 

Possible  Hj  environment 

Long-term  engln 

exposed  to  hydrogen. 

effects. 

failure  analysi 

; 5.1 .2 

Minor  engine  modifica- 

Engineering develop- 

None. 

None. 

p 

tions. 

ment. 

— 

3.2.1 

Spark  or  diesel. 

Fuel  systems  exposed 

Materials  selection. 

NH3  and  11,  environment 

None. 

to  KHj  and  H-  if  fuel 

effects. 

is  partly  dissociated 

£ 

g 

to  improvo  combustion. 

% 

: 5.2.2 

Engine  modifications 

Engineering  develop- 

None. 

Nono. 

•— 

and  addition  of  NH, 

ment. 

m 

dissociation  equipment. 

| 

Spark  or  diesel . 

Hydrazine. 

Not  delined. 

- 

- 

- 

I 

5.4.1 

Spark  or  diesel . 

Methanol . 

None . 

- 

- 

- 
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Remarks 
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selection. 


Materials 
materials 
it  and  fabri- 


High- pressure  hydrogen  or 
hydrogen/ water  environ- 
ments. Temperature  rango 
determined  by  design,  but 
spans  -423° F to  about 
1500°F.  Principal  problems 
at  higher  temperatures. 

High-pressure,  V.  high- turn- 
er at  ure,  high-velocity  H^O 
environment.  Thermal  shock, 
thermal  fatigue. 


Determination  of  tensile,  fracture 
toughness , creep  and  fatigue  prop- 
erties of  candidate  stainless 
steels,  Si  alloys,  Co  alloys  in 
bigh-pressure  Hj  and  Hj  + H20 
environments  at  temperatures  In 
tho  rango  -428 "F  to  150O°F, 

Materials  and  component  rig  testing. 


Overlaps  with  item  1.3.1 
Continuation  and  extension 
of  current  programs. 


Possible  long-term  applica- 
tion to  Item  1.4.3. 


8-2.*.,  B-3 


B-2.1 


research  and  Present  iridium  catalysts 

pat.  tend  to  lose  activity  and 

1 alumina  catalyst  support 

| material  deteriorates  after 

long-term  Intermittent  use. 


Fundamental  studies  to  elucidate 
mechanism  of  catalyst  and  substrate 
deterioration. 


Development  of  Improved  mixed- natal 
catalyst. 


For  small  hydrazine  decompo- 
sition control  and  accessory 
engines.  No  major  problems 
vith  large  hydrazine/oxidizer 
engines . 


B-2.2 


B-2.2 


selection.  Hj  environment  effects.  None  at  this  time. 

King  design  and  High-H^O.  high-temperaturo 
Mint.  gas  stream. 


Clean  Hj  fuel  superior  to 
fossil  fuels  for  large 
systems.  Initiation  of 
materials  R,  D.  and  T should 
await  further  engineering 
design. 


w 


i selection* 

g: 

Ping  develop* 

M 

r 

Possible  R,  environment 
effects. 

None. 

Long-term  engine  tests,  and  materials 
failure  analysis. 

None, 

No  major  difficulties  in  use 
of  Hj  fuel  expected. 

D-2,  D-5 
D-2,  D-5 

I 

selection. 

NH,  and  env  i ’.tmioent 

None. 

SHj  is  a poor  fuel  lor  l.C 

D-3,  D-5 

Hog  develop- 

effects. 

None. 

None. 

engines,  especially  for 
diesels. 

D-3,  D-5 

I 

- 

- 

- 

D-4,  D-5 

ft 

- 

- 

Existing  practice. 

D-l , D-5 
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No  major  problems. 


Careful  attention  to  materials  E-T , E-4 
selectic.-  for  H2  f’nil  systems 
will  be  needed. 


No  major  problems. 


Careful  attention  to  materials  K-2,  E-4 
selection  for  Hj  fuel  syst e»* 
will  be  needed. 


lm  develop- 
•lection. 


High  pressure  (5000  psi)  H2  Determination  of  tensile,  fracture 


environment  effects  from 
subzero  temperatures  to 
1500°F  on  heat-resisting 
alloys. 


toughness,  creep,  and  fatigue 
properties  of  candidate  stainless 
steels,  Ni  alloys,  Co  alloys  in 
5000  psi  hydrogen  at  temperature  from 
subzero  to  1500°F. 


Range  of  materials  operating  K-ti,  2-4 
conditions  covered  by  Items 
1.3.1  and  3.1.1. 


catalyst. 


catalyst . 


^catalyst . 


Coatings  to  reduce  Determination  of  Hj  permeability  data 

hydrogen  permeation  through  for  candidate  alloys  up  to  5000  psi 

working  chamber  and  heat  and  15<»0’7. 

exchanger  tubing  at  high 

temperatures.  Thc/mal 

shock  and  thermal  fatigue. 

Develop  coatings  that  are  resistant  to 
• Hj  permeation  at  150C’F,  compatible 
with  substrate  alloy  and  will  with- 
stand thermal  fatigue. 


£-2,  E-4 


E-2 , E-4 


Low-cost.,  long-life,  high- 
activity  catalyst  system 
that  is  resistant  to 
poisoning  by  contaminants. 


Low-cost,  long-life,  high- 
activity  catalyst  system. 


Low-cost,  long-life,  high 
activity  oxidation  catalyst 
that  favors  N,  and  HjO 
oxidation  products. 


Fundamental  studies  of  mechanism  of 
catalytic  oxidation  of  Hj , e.g.,  by 
transition  metal  carbides,  combined 
with  empirical  development  of 
leprovnd  Hj  oxidation  catalysts. 


Development  of  low-cost  NH2  dissoc- 
iation catalysts. 


Development  of  imploved  catalyst. 


F-2.1,  .->2.3,  F-6 


Relates  to  use  of  Nrfj  in 
fuel  cells.  This  work 
would  probably  also  relate 
to  the  development  of  improved 
NBj  synthesis  catalysts. 


F-2.1.  F-2.3,  F-6 


F-2.2,  F-2.3,  F-6 
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catalysts. 


Low-cost,  long-life,  high- 
activity  catalyst  systems. 


Development  of  base-metal  catalysts. 


F-4,  F-5,  F-6 


f development . 


pet  development. 


Physical  stability  of  non-  Nonnoble  anode  catalyst  with  improved 
noble  anode  catilyscs.  physical  stability  at  150*C  and  above. 


Relatively  low  corrosivity 
of  alkaline  elect  elyte 
permits  wide  choice  of 
materials  of  const ructtoi  . 


Corrosion  of  nonnoble 
cathode  catalysts. 


Dais  development. 


Bis  development . 


t developmen’ 


s development. 


a development. 


Wetting  and  Instability  of 
polymer-bonded  electrodes 
at  15C*C  and  above. 

Fabrication  of  gas-diffu- 
sion electi oda  structures 
«ith  controlled  porosity. 

Present  asbestos  matrix  can- 
not operate  above  lOO’C. 


Polattvely  low  activity, 
high  polarizativm  of 
platinum  catalyst  for  O, 
reduction  in  acid 
electrolyte. 


Less  expensive,  more  robust 
matrix  materials. 


Nonnoble  cathode  catalyst  with  lower 
polarization , lower  corrosion  rate 
and  Improved  physical  stability. 

Noble  octal  catalysts  with  high 
activity  and  stability  at  lowor 
catalyst  loadings. 

hydrophobic  polymeric  bonding 
mates ials  for  service  at  above 
150SC. 

improved  control lcd-p»roslty 
materials  for  oleccrodo  structmes. 

Low-cost  matrix  material r able  to 
operate  at  150aC. 

Improved  ion-exchange  membranes  . 


Improved  noble  aols.1  catalyst  with 
ir.p-oved  activity  and  physical 
stability  at  low  catalyst  loadings. 


Low-cost,  nor.ncblc  metal  catalysts 
with  moderate  activity,  and  high 
stability  and  corrosion  resistance. 

Improved  ion-exchango  membranos. 


Acid  electrolyte  limits 
choice  of  materials  of 
construction. 


Lack  of  cf  »lyst  stability.  Anode  and  cathode  catalysts 

with  improved  stability. 


Rotten  carbonate  cells 
require  use  of  C03  addition 
to  cathodo  reactant  (air) . 


G-3.1.1,  C-3.1.6, 
G-3.9.1 


r-3.1.3,  G-3.1.6, 
G-3.9.1 


G-3.1.2,  G-3.1.6, 
C-3.9.1 


0-3. 1.3,  G-3.1.6 
G-3.9.2 

G-3.9.2 


G-3.1.4,  G-3.1.6 
G-3.9.3 


G-3.2.2,  G-3.2.6, 
G-3.9.1 


G-3.2.2,  G-3.2.6 
3-3. 9.1 

G-3.2.6,  G-3.9.3 


G-3.3.1,  G-3.3.2, 
G-3.3.6,  G-3.9.1 
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Problem  Area 


Type  of  Solution 


Materials  Problems 


Materials  R, 


8. 

FUEL  CELLS  (Con't) 

6.3.2 

Molten  carbonate 
(Con't) 

Uj/air 
(or  Ot) 

Electrode  structure. 

Materials  development. 

Need  for  ceramic  structure 
analogous  to  hydrophobic 
polytier-bonded  systems  for 
low-temperature  cells. 

Ceramics  which  cs 
of  wetting  angle 

8.3.3 

Electrolyte  matrix. 

Materials  development. 

Thermal  cracking  of  the 
ceramic  electrolyte  matrix 
tile. 

Ceramic  matrix  mi 
controlled  porosi 
resistance  to  th( 

8.4.1 

Inorganic  solid 
electrolyte. 

H,/air 
(or  02). 

High  operating  tem- 
perature. 

Materials  development 
and  design. 

Differential  expansion 
between  cell  components, 
low  conductivity  of  elec- 
trolyte, contact  between 
matrices  ant'  electrodes 
head  and  gas  leakage. 

Development  of  c< 
matching  expansic 
thin,  stable, higl 
matrix  materials. 

8.4.2 

Basic  materials 
research. 

Inorganic  solid  electrolyte 
operating  at  lowei  tempera- 
tures. 

Study  of  low-temf 
conducting  inorgs 

8.5.1 

Direct  methanol 
fuel  cells. 

Methanol . 

Low  activity  of 
methanol  electrode. 

Catalyst  development. 

Anode  catalyst. 

Higher  activity  a 

8.5.2 

Cross-over  of 
methanol  to  cathode. 

Materials  development. 

Methanol  dissolved  in  elec- 
trolyte diffuses  through 
matrix. 

Matrix  material  ( 
to  methanol. 

8.5.3 

Air  electrode  structure 
wetted  by  cross-over 
methanol . 

Electrode  structu 
can  control  wetti 

8.5.4 

Catalyst  development. 

Platinum  cathode  catalyst 
also  catalyses  direct 
oxidation  of  cross-over 
methanol . 

Selective  cathode 
mote  oxygen  reduc 
methanol  oxidatio 

8.6.1 

Indirect  methanol 
fuel  cells. 

Reformed 
methanol 
(Hj,.  CO. 
CO^). 

Same  as  hydrogen  fuel 
cells. 

“ 

- 

8.7.1 

Hydrazine  luel 
cells. 

Hydrazine. 

Chemical  decomposition 
of  hydrazine  at  anode. 

Catalyst  development. 

Anode  catalyst  may  decompose 
hydrazine,  oxidize  hydrogen 
formed,  cause  NH3  evolution. 

Selective  anode  c; 
hydrazine  oxidati< 
position,  or  the  < 

8.7.2 

Cross-over  of  hydra- 
zine to  cathode. 

Materials  development. 

Hydrazine  dissolved  in  elec- 
trolyte diffuses  through 

Matrix  material  (: 
to  hydrazine. 

matrix. 
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iB 


|H development.  Need  for  ceramic  structure  Ceramics  which  can  provide  control 

analogous  to  hydrophobic  of  wetting  angle  in  molten  carbonate, 
polymer-bonded  systems  for 
low-temperature  cells. 

^-development.  Thermal  cracking  of  the  Ceramic  matrix  materials  with 

ceramic  electrolyte  matrix  controlled  porosity  and  improved 
tile.  resistance  to  thermal  cycling. 


G-3.3.3,  G-3.9.3 


G-3.3.4,  G-3.9.3 


S;  development 

Se- 


tter ials 


Differential  expansion 
between  cell  components, 
low  conductivity  of  elec- 
trolyte, contact  between 
matrices  and  electrodes 
head  and  gas  leakage. 


Development  of  cell  materials  with 
matching  expansions,  development  of 
thin,  stable, high-conductivity 
matrix  materials. 


tv 


Inorganic  solid  electrolyte  Study  of  low-temperature,  ion- 
operating  at  lower  tempera-  conducting  inorganic  solids, 
tures. 


Operating  range  700°  to 
1000°C. 


Breakthrough  analogous  to 
discovery  of  3 -alumina 
needed . 


G-3.4,  G-3.4.4 


0-3. 4. 3,  G-3.4.4 


i.developmont . 


development. 


[development . 


Anode  catalyst. 

Methanol  dissolved  in  olec- 
trolyte  diffuses  through 
matrix. 

Air  electrode  structure 
wetted  by  cross-over 
methanol . 

Platinum  cathode  catalyst 
also  catalyses  direct 
oxidation  of  cross-over 
methanol . 


Higher  activity  anode  catalyst. 

Matrix  material  (separator)  impervious 
to  methanol . 

Eloctrode  structure  materials  that 
can  control  wetting  angle. 

Selective  cathode  catalysts  that  pro- 
mote oxygen  reduction  but  not 
methanol  oxidation. 


G-3.5,  G-3.S.1 
G-3.5,  G-3.5.1 

G-3.5,  G-3.5.1 

G-3.5,  G-3.5.1 


V 


Reformed  methanol  can  be  used  G-3.5 
in  acidic,  molten  carbonate 
or  solid  electrolyte  fuel  cells. 


■•development . 


K*  development . 


Anode  catalyst  may  decompose  Selective  anode  catalyst  that  promotes  - G-3.6,  G-3.9 

hydrazine,  oxidize  hydrogen  hydrazine  oxidation  but  not  its  decom- 
formed,  cause  NHa  evolution,  position,  or  the  oxidation  of  hydrogen. 

Hydrazine  dissolved  in  elec-  Matrix  material  (separator)  impervious  Equivalent  to  Item  8.5.2.  G-3.6,  G-3.9 

trolyte  diffuses  through  to  hydrazine. 

matrix. 
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Rlllyst  development. 

r_ 

Cathode  catalyst  catalyses 
decomposition  or  oxidation 
of  cross-over  hydrazine. 

Selective  cat!  ->Je  catalysts  that  pro- 
motes oxygen  reduction  but  not  hydra- 
zine decomposition  or  oxidation. 

- 

C-3.6,  G-3.9 

r 

talyst  research. 

§ 

iS 

Anode  activity  decreases 
with  time. 

Basic  studies  to  determine  cause  oi 
decline  in  anode  activity. 

- 

B-3.7 

1 

1 

1 

r 

1 

- 

- 

Can  be  used  in  all  Hz  fuel 
cell  types  including 
alkaline. 

G-3.7 

g- 

fcmlyst  development., 

p- 

$-■ 

t 

Decreased  catalyst  life. 

Elcctrocatalysts  that  are  insensitive 
to  potential  cycling. 

- 

G-3.8,  G-3.9 

i 

Ictrode  structure 
relopnent . 

i- 

Dual  function  electrode 
structures. 

Electrode  structures  with  two  dis- 
tinct catalysts. 

- 

G-3.8,  G-3.9 

K? 

£ 

1 

Dual  electrode  structures. 

Two  electrode  structures  each  with 
appropriate  catalysts. 

“ 

G-3.8,  G-3.9 

& 

t 

lign;  materials  and 
ferir.ation  develop- 

Polymeric  materials  with 
long-term,  hlgh-tempera- 
ture  stability  above 
150°C. 

Polymeric  materials  development  and 
testing. 

Will  probably  be  satisfied 
by  improved  commercial 
products. 

G-3.9. 4 

B»rials  selection. 

IL; , NHSI hydrazine  environ- 
ments. 

See  item  headings  1 through  7. 

Requirements  common  to  other 
uses  of  new  fuels. 

G-3.9. 4 

pic  elcctrocatalysis. 

Mechanism  of  elect ro- 
catalysis. 

Studies  of  effects  of  reactants, 
electrolytes,  and  applied  potential 
on  electrocatalyst/olectrolyto  inter- 
face. 

G-3.9. 4 

paurcracnts  of  single 
pet  rode  character- 

itics. 

Empirical  selection  of 
electrocatalysts. 

Determination  of  data  for  candidate 
materials . 

G-3.9. 4 

iign  and  engineering; 
lie  research. 

Shape  change  (dendrite 
growth)  of  Zn  electrode. 

Studies  of  mechanism 
growth. 

of  dendrite 

Future  of  this  battery 
depends  on  solving  Zn 
electrode  problem. 

H-3.1.1,  H-3.1.3 

alyst  development, 
ctrodo  design. 

High  catalyst  loadings 
required. 

Dual  function  or  two 
catalysts  for  oxygen 
oxygen  reduction. 

separate 
evolution  and 

H-3.1.3 
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Equipment  Class  Fuel 


Problem  Area Type  of  Solution 


Materials  Problem Materials  R, 


9.2.1  Aqueous,  mochanic-  Zn 
ally  rechargeable, 
Zn/air. 


Electrolyte  leakage.  Improved  design,  seal  Seal  materials, 
materials. 


Support  to  engli 


9.3.1  Aqueous,  Zn/Ni.  Zn  Zn  electrode. 


See  Item  9.1.1. 


See  Item  9.1.1. 


See  Item  9.1.1. 


9.4.1  Aqueous  Zn/Cl2. 

Zn 

Zn  electrode. 

See  Item  9.1.1. 

See  Item  9.1.1. 

See  Item  9.1.1. 

1 9.4.2 

Cl2  electrode. 

Materials  development. 

Polarization  of  Cl2  elec- 

More  active  Cl2 

■- 

trode. 

9.5.1 

Aqueous  Ll/'Ni. 

Li 

Li  electrode;  shelf 
life. 

Materials  development, 
corrosion  research. 

Li  corrosion  reaction  in 
the  absence  of  external 
current  flow. 

Alloying  of  Li  . 
to  limit  Li  cor 

9.5.2 

Hj  evolved,  must  be 
vented. 

Materials  selection. 

environment  effects. 

None . 

9.6.1 

Aprotlc  solvent  Li 
batteries. 

Li 

Li  electrode;  low 
power  density,  shelf 
life,  slow  start-up 

Electrochemical 
studies,  battery 
design. 

Electrode/electrolyte 

interactions. 

Support  to  elec 
studies. 

due  to  electronic 
passivation. 


9.7.1 

Molten  salt, 
high  temperature, 
Li/Clg,  battery. 

LI 

LI  electrode. 

Electrode  material 
development. 

Dissolution  and  migration 
of  lithium. 

Development  of 
maximum  cell  vo 

9.7.2 

Clj  electrode;  low 
current  capacity. 

Electrode  and  elec- 
trolyte development. 

Electrode  and  electrolyte 
materials. 

Support  for  ole 
development  stu 

9.7.3 

Materials  of  construc- 
tion. 

Materials  development 
and  selection. 

Attack  of  materials  by 
molten  Li. 

Ceramics  and  co 
molten  LI. 

9.7.4 

Corrosion  by  molten  alkali- 
halide  electrolyte. 

Alloys  and  coat 
molten  halides. 

9.7.5 

Electrical  feed-throughs. 

Containment  mat 
brazing  alloys 
coefficients. 

9.7.6 

Containment  of  high  tem- 
perature Cl2  gas. 

Alloys  and  coat 
Cl2  gas. 

9.8.1 

Ll/S  molten  salt, 
battery. 

LI 

Sulfur  electrode. 

Materials  development 
and  selection. 

Attack  of  sulfur  on 
materials  of  construction. 

Materials  comps 
electrode  mater 

Table  Vlll-l  (Continued) 
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Report  Reference 


jtoe  of  Solution 

Materials  Problem 

Materials  R,  D,  and  T Needs 

Remains 

in  Vol.  2,  Sect.  1 

| 

E: 

proved  design,  seal 
trials. 

1 

Seal  materials. 

Support  to  engineering  development. 

- 

H-3.1.1 

j£ 

|Item  9.1.1. 

See  Item  9.1.1. 

Sec  Item  9.1.1. 

Electrically  rechargeable. 

H-3.1.4 

I 

gltCS  9.1.1. 

See  Item  9.1.1. 

See  Item  9.1.1, 

Electrically  rechargeable 

H-3.1.5 

►rials  development. 

$ 

f- 

Polarization  of  Cl2  elec- 
t rode . 

More  active  Cl2  electrode  substrate. 

Would  improve  power  density. 

H-3.1.5 

S' 

£ 

trials  development, 

if 

fusion  research- 

f 

Li  corrosion  reaction  in 
the  absence  of  external 
current  flow. 

Alloying  of  Li  or  use  of  mhlbitors 
to  limit  Li  corrosion. 

Primary  or  mechanically 
rechargeable  battery. 

H-3.1.6 

trials  selection. 

Hj  environment  effects. 

None . 

H-3.1.6 

If 

ttrochoaical 
ies,  battery 

Llectrode/olectroiyte 

interactions. 

Support  to  electrochemical  and  design 
studies. 

So  H2  ovolved.  Can  be 
sealed  for  use  as  primary 

H-3.1 

i*n. 

1 

1 

battery. 

| 

trode  material 

Dissolution  ana  migration 

Development  of  solid  Li  alloys  giving 

Operates  from  350°  to  S50°C 

H-3.3.1 

Lopment . 

of  lithium. 

maximum  cell  voltage. 

depending  on  electrolyte 

g 

Sf- 

composition. 

►rode  and  elec- 

Electrode  and  electrolyte 

Support  for  electrode  and  electrolyte 

- 

H-3.3.1 

fte  development. 

materials. 

development  studies. 

rials  development 

Attack  of  materials  by 

Ceramics  and  coatings  resistant  to 

- 

H-3.3.1 

[••lection. 

molten  Li. 

molten  Li. 

Corrosion  by  nol'en  alkali- 

Alloys  and  coatings  resistant  to 

- 

H-3.3.1 

halide  electrolyte. 

molten  halides. 

% 

I 

Electrical  feed-throughs. 

Containment  materials,  insulators  and 

- 

H-3.3.1 

brazing  alloys  with  matching  expansion 

£ 

coefficients. 

1 

Containment  of  high  tem- 

Alloys  and  coatings  resistant  to  hot 

- 

H-3.3.1 

|; 

peraturc  Cl2  gas. 

Cl2  gas. 

rials  development 
(•lection . 

Attack  of  sulfur  on 
materials  of  construction. 

Materials  compatibility  testing  or 
electrode  materials  modification. 

Operates  at  375°  to  400°C. 

H-3.3.1 

Table  V11I-1  (Concluded) 


MATERIALS  RESEARCH  DEVELOPMENT  AND  TESTING  NEEDED  TO  SUPPORT  THE  USE  OF 


Item 


No. 

Equipment  Class 

Fuel 

Problem  Area 

Type  of  Solution 

Materials  Problem 

Materials  R, 

9. 

HIGH  ENERGY  DENSITY 
BATTERIES  (Concluded) 

9.9.1 

Molten  salt, 
low .tempo  rat  ure 
Al/Clj  battery. 

A1 

Materials  of  construc- 
tion. 

Materials  selection. 

None. 

None . 

9.10.1 

Solid  electrolyte 
Na/S  battery. 

Na 

3-aluralna  electrolyte. 

Materials  research; 
ceramic  processing 
development . 

Improved  Na-ion  conduc- 
tivity, resistance  to 
intergranular  attack, 
to  thermal  cracking  and 
mechanical  strength. 

Modification  and 
alumina  composit 

9.10.2 

Investigation  of 
conductors. 

9.11.1 

General . 

Various , 

Materials  of  construc- 
tion. 

Battery  design  and 
development,  materials 
development  and  selec- 
tion. 

Materials  compatibility 
with  electrodes  and  elec- 
trolytes; seals,  feed- 
throughs, insulators,  etc. 

Supporting  mater 
development  stud 
battery  P,  D,  an 

9.11.2 

Solid  electrolytes. 

Materials  research  and 
development. 

Improved  solid  electrolytes 
and  catton/anion  exchange 
membranes. 

Search  for  new  1 
ducting  solids. 

Table  VII 1-1  (Concluded) 


CH  DEVELOPMENT  AND  TESTING  NEEDED  TO  SUPP011T  TOE  USE  Of  SEW  FUELS 


Report  Reference 


olut ton 


Materials  Problem 


Materials  R,  D.  and  T Soods 


Remarks 


r = 

i 

¥ 

if 

^selection. 

San?, 

None . 

Operates 

at  606  to  lf-0°C. 

H-3.3.2 

P- 

| 

|research; 

focessing 

!*• 

B 

ft. 

U 

id 

c* 

g 

_ 

Improved  Nc-*on  conduc- 
tivity, resistance  to 
intergranular  attack, 
to  thermal  cracking  and 
mechanical  strength. 

Modification  and  optimization  of  g- 
alumlna  composition. 

Investigation  of  alternative  Na-ion 
conductors. 

Operates 

at  about  300*C. 

H-3.4 

H-3.4 

t 

Mi  ED  and 
it,  materials 
Bit  and  selec- 

| 

JIa'ertols  compatibility 
wit ' electrodes  and  elec- 
tro yiee;  seals,  fet-d- 
t’r  oughs,  insulators,  etc. 

Supporting  materials  engineering  and 
development  studies  as  part  of 
battery  R,  D,  2nd  T programs. 

- 

H-3.1 

(-research  and 

f- 

Improved  solid  electrolytes 
and  cation/anion  exchange 
nembrar.es. 

Search  for  new  low-temperature  ion-con- 
ducting solids. 

H-3.5 

Table  VII 1-2 


MATERIALS  RESEARCH  DEVELOPMENT  AND  TESTING  NEEDED  TO  SUPPORT  THE  PRODUCT 


Itea 

No. 

Process 

Fuel 

Produced 

Problem  Area 

Type  of  Solution 

Materials  Problem 

Materiel 

1. 

CONVENTIONAL 

ELECTROLYZERS 

1 1.1 

Unipolar  tank  type. 

Hj  (Oj) 

Efficiency  rid  cost. 

Advanced  electrolyzers. 

No  major  problems. 

None. 

1.2.1 

Bipolar,  filter 
press  type. 

M°a> 

Efficiency  and  cost. 

Advanced  electrolyzers. 

No  major  problems. 

None. 

2. 

ADVANCED 

ELECTROLYZERS 

2.1.1 

Alkaline 

electrolyte. 

Higher  teaperature 
operation  to  increase 

Materials  development. 

Corrosion  of  positive 
(oxygen)  electrode. 

Materials  wit 
superior  to  n 

2.1.2 

efficiency. 

Present  diaphragm  material 
(asbestos)  limited  to  100°C 

Higher  temper 
(200°C  deslra 

2.1.3 

Present  frame  materials 
( poly sul phones)  limited  to 
150°C. 

Higher  temper 
materials,  an 

2.1 .4 

Reduction  of  over- 
potentials. 

Materials  development 
and  design. 

Relatively  low  conductivity 
and  bulky  diaphragm 
materials. 

High-conducti 
higher  temper 
diaphragm  (ma 

2.1.5 

Effective  area  of  elec- 
trodes. 

High  effectiv 
materials. 

2.1.6 

Catalyst  development. 

Electrode  activity. 

Improved  nonn 
catalysts. 

2.2.1 

2.2.1 

Solid  polyaer 
electrolyte. 

HjtO,) 

SPE  membrane. 

Materials  research  and 
development . 

Present  SPE  membrane  is 
expensive,  temperature 
limited  (125cC)  and  some- 
what lacking  in  mechanical 
and  chemical  stability. 

Development  o 
perature  SPE 
(anion  or  cat 
improved  mech 
billty . 

2.2.2 

Electrodes. 

Catalyst  development. 

High  loadings  of  noble  metal 
catalysts. 

Nonnoble  net a 

2.2.3 

Engineering  and 
materials  development. 

Electrode/membrane  contact 
resistance. 

Support  for  c 

2.3.1 

Inorganic  solid 
electrolyte. 

H,(Oa) 

Very  high  operating 
teaperature  (1000' C). 

Materials  R and  D. 

Solid  inorganic  electrolyte 
membranes  with  good  ionic 
conductivity  below  400'C. 

Basic  studies 
ertles  of  cer 

2.3.2 

Materials  and  engi- 
neering development. 

Materials  and  engi- 
neering development. 

Materials  of  construction. 

Materials  wor 
neering  dovel 

VIII-14 


of  Solution 

Uaterlals  Problem 

Materials  K,  D,  and  T S'eeds 

Remarks 

Report  References 
in  Vol.  2,  Sect.  V 

u 

Iced  electrolyzers. 

So  major  problems. 

None, 

Established  technology. 

A-2.1.1 

|B«d  electrolyzers, 

% 

So  major  problems. 

None . 

Established  technology. 

A-2.1.2 

§T 

rials  development. 

Corrosion  of  positive 
(oxygen)  electrode. 

Materials  with  corrosion  resistance 
superior  to  nickel. 

Nickel  is  now  used. 

<‘.-2.2.1,  A-4 

1 

Present  diaphragm  material 
(asbestos)  limited  to  100°C 

Higher  temperature  diaphragm  materials 
(200°C  desirable) . 

- 

A-2.2.1,  A-4 

0 

P 

£ 

Present  frame  materials 
(polysulphones)  limited  to 
ISO^C. 

Higher  temperature,  low-cost  frame 
materials,  and  methods  of  fabrication. 

' 

A-2.2.1,  A-4 

rtmls  development 
tetlgn. 

I 

sr 

Relatively  lot  conductivity 
and  bulky  diaphragm 
materials. 

H.gh-conductlvlty , compact,  (and 
higher  temperatures  - Item  2.1.2) 
diaphragm  (matrix)  materials. 

Less  bulky  diaphragm  would 
permit  closer  electrode 
spacing  and  less  voltage  drop 
in  the  electrolyte. 

A-2.2.1,  A-4 

£ 

| 

1 

Effective  area  of  elec- 
trodes. 

High  effective  surface  area  electrode 
materials. 

A-2.2.1,  A-4 

[yst  development. 

§ 

l 

Electrode  activity. 

Improved  nonnoblo,  low-cost  electro- 
catalysts. 

Ni  and  Fe  electrode  materials 
now  used  are  moderately 
effective. 

A-2.2.1,  A-4 

E 

Vials  research  and 

Present  SPE  membrane  Is 
expensive,  temperature 
limited  (125°C)  and  some- 
what lacking  in  mechanical 
and  chemical  stability. 

Development  of  low-cost,  higher  tem- 
perature SPE  membranes  with  high  ionic 
(anion  or  cation)  conductivity  and 
improved  mechanical  and  chemical  sta- 
bility. 

A-2.2.2,  A-4 

Ijrst  development. 

High  loadings  of  noble  metal 
catalysts. 

Sonnoble  metal  catalysts. 

Noble  metal  catalysts 
probably  acceptable  for  DoD 
uses,  but  probably  not  for 
large-scale  industrial  use. 

A-2.2.2,  A-4 

Marina  and 
Mala  development. 

Electrode/membrane  contact 
resistance. 

Support  for  engineering  development. 

— 

A-2.2.2,  A-4 

Mala  K and  D. 

Solid  inorganic  electrolyte 
membranes  with  good  ionic 
conductivity  below  400"C. 

Basic  studies  of  ion-conducting  prop- 
erties of  ceramics. 

High-tcmporaturc  electro- 
lyzers have  limited  actual 
thermal  efficiencies. 

A-2.2.3 , A-4 

rials  and  engl- 
lag  development. 

Materials  of  construction. 

Materials  work  In  support  of  engi- 
neering development. 

Problems  similar  to  those  ol 
high-tomperaturo  fuel  cells 
(Item  8.4.1  in  Table  V1I1-1). 

A-2.2.3 

fev 

6 

f: 
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Item 

So. 

Process 

Fuel 

Produced 

Problea  Area 

Type  of  Solution 

Materials  Problem 

Mater: 

2. 

ADVANCED  ELECTROLYZERS 
(Concluded) 

2.4.1 

Acid  electrolyte. 

Ha  (0,) 

Oxygen  electrode. 

Materials  selection. 

Corrosion  of  oxygen  elec- 
trode materials  and  associ- 
ated conductors. 

Materials  se) 
operational  ' 

2.5.1 

General . 

Hj  (0S) 

Materials  resources 
availability. 

Technoeconomlc  analysis 
of  materials  supply 
needs  for  competing 
electrolyzer  tech- 
nologies. 

None. 

2.5.2 

Materials  of  construc- 
tion, auxilliary  equip- 
ment. 

Materials  selection. 

environment  and  02 
environment  effects. 

Materials  te: 
electrolyzer 
of  temperatu: 

3. 

THERMOCHEM1CAL 

SPLITTING 

3.1.1 

Several  multistep 
cycles  (all  are  now 
at  a conceptual 
stage) . 

H2  (02) 

Materials  of  construc- 
tion. 

Materials  development 
and  selection;  engi- 
neering design  and 
development. 

High-temperature  corrosion 
of  metallic  and  ceramic 
materials  in  halogens, 
halide3,  metal  oxides, 
liquid  metal,  hydrogen, 
oxygen,  steam. 

Materials  an: 
possible  nee: 
materials  an*. 

4. 

HYDROGEN  LIQUE- 
FACTION 

4.1.1 

Compression  lique- 
faction of  Hj  gas. 

Liquid  Hj 

Compressor  development. 

Engineering  design  and 
development;  materials 
develop  int  and  selec- 
tion. 

Materials  for  use  os 
cylinder  liners,  pistons, 
piston  rings,  seals, 
bearings,  turbine  blading 
in  advanced  compressors 
at  ambient  and  cryogenic 
temperatures  in  ll2 
on vi ronment. 

Hj -resistant , 
weight  matoi i 

4.1.2 

Low  friction 
binations  fci 

4.1.3 

Seal  material 
low-cxpansior 
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MH9 

Materials  Problem 

Materials  R,  D,  and  T Needs 

Remarks 

Report  Reference 
in  Vol.  2,  Sect.  V 

r 

v 

i~ 

action. 

t 

Corrosion  of  oxygen  elec- 
trode materials  and  associ- 
ated conductors. 

Materials  selection  and  small-scale 
operational  testing. 

Acid  electrolytes  reject  C02 
and  arc  of  interest  for  use 
in  life  support  systems. 

A-2.2.4 

& 

e analysis 
■apply 
letin? 
tech- 

“ 

None. 

Essential  background  for 
policy  decisions. 

A-4 

Ictlon. 

1 

y 

Hj  environment  and  02 
environment  effects. 

Materials  testing  under 
electrolyzer  operating  conditions 
of  temperature  and  pressure. 

Information  required  will  be 
provided  by  work  relating 
to  Section  IV  of  this  report. 
(See  Table  VIII-1.) 

A-4 

ff 

1 

plopacnt 

1 ongi~ 
ja  and 

High-teaperature  corrosion 
of  metallic  and  ceramic 
materials  in  halogens, 
halides,  metal  oxides, 
liquid  metal,  hydrogen. 

Materials  and  component  testing; 
possible  need  for  corrosion-resistant 
materials  and  coatings  development. 

Specific  programs  can  be 
planned  when  further 
feasibility  studies  have  been 
made  and  prototype  process 
cycles  have  been  selected. 

B-l,  B-2 . 
B-4 

B-3, 

6 



oxygen,  steam. 

1 

% 

£ 

| 

■sign  and 

Materials  for  use  as 

H2 -resistant , high-strength  light- 

Materials  support  lor  engi- 

C 

Materials 

cylinder  liners,  pistons. 

weight  materials. 

neering  dev  opment. 

■d  selec- 

piston  rings,  soals, 

ST 

bearings,  turbine  blading 

t-. 

in  advanced  compressors 

1 

at  ambient  and  cryogenic 

?- 

temperatures  in  ll2 

environment. 

Low  friction  and  wear  materials  com- 

- 

c 

£ 

blnatlons  for  service  in  Hj. 

Seal  materials,  bearing  materials, 

- 

c 

low-expansion  alloys. 

Table  VXII-2  (Continued) 
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Item  Fuel 


No. 

Procesa 

P Produced 

Problem  Area 

Type  of  Solution 

Materials  Problem 

Ma 

5. 

AMMONIA  PRODUCTION 

5.1.1 

Modified  Haber 
Process. 

NH, 

Pressure  vessels. 

Materials  selection 
and  design. 

Effects  of  long  time  expo- 
sure of  pressure  vessel 
materials  to  high  pressure 
H, , N, , NH,  at  moderate 
temperatures. 

Probably 

5.1.2 

Improved  on-site  and  in- 
service  nondestructive 
testing  techniques. 

Probably 

5.1.3 

Alternative  designs 
and  materials,  e.g. 
metal  lined,  pre- 
stressed or  fiber 
reinforced  cements 
or  concrete  vessels. 

Materials  for  very  large 
pressure  vessels. 

Deve) opra 
reinforci 
material: 

5.1.4 

Ancillary  equipeent , 
c oepressors . 

Materials  selection. 

H,  environment  effects. 

Material! 
high  prei 

5*i«5 

NH,  condensation  and 
storage. 

Materials  research; 
materials  selection. 

Stress  corrosion  cracking 
of  quenched  and  tempered 
steels  in  liquid  ammonia. 

Material! 
mechanist 
of  SCC  ii 
testing  < 
material! 

6. 

HYDRAZINE 

PRODUCTION 

6.1.1 

Modified  Kaschlg 
process. 

Hydrazine 

Possible  problems  in 
acal^d-up  proauction. 

Materials  selection; 
engineering. 

- 

None  at  ' 

7. 

PRODUCTION  OF 
BORANES  AND 
SILANES 

7.1.1 

Various  swell" 
scale  Methods. 

Boi-ar.js  and 
silanes 

Possible  problems  In 
scaled-up  production. 

Materials  selection; 
engineering. 

- 

None  at  i 
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DEVELOPMENT  AMD  TESTING  NEEDED  TO  SUPPORT  THE  PRODUCTION  OF  NEW  FUELS 


of  Solution 


Materials  Problem 


Materials  R,  D,  and  T Needs 


Report  Reference 
in  Vol.  2,  Sect.  V 


selection 


Effects  of  long  time  expo-  Probably  no  special  programs  required. 

sure  of  pressure  vessel 

materials  to  high  pressure 

Hj , Na , NH,  at  moderate 

temperatures. 

Improved  on-site  and  in-  Probably  no  special  programs  required, 
service  nondestructive 
testing  techniques. 

Materials  for  very  large  Development  and  testing  of  fiber- 
pressure  vessels.  reinforced  cement  and  concrete 

materials  and  structuies. 


Necessary  test  data  will  be 
collected  from  related 
industrial  experience  and 
test  programs. 


D-l.1.1 


Appropriate  NDT  and  E D-l.1.1 

techniques  will  be  developed 
for  nuclear  power  plants. 

Likely  to  be  of  broad  general  D-l.1.1 
application. 


designs  Materials  for  very  larg 

als,  e.g.  pressure  vessels. 

, pre- 
dr fiber 
cements 
vessels. 

selection.  Hj  environment  effects. 


research;  Stress  corrosion  cracking 

[Selection.  of  quenched  and  tempered 

steels  in  liquid  ammonia. 


Materials  and  component  testing  in 
high  pressure  Hj . 

Matarials  research  to  establish 
mechanism  and  limiting  conditions 
of  SCC  in  liquid  ammonia  and 
testing  of  candiate  SCC-resistant 
materials. 


Would  profit  from  advanced 
compressor  development. 
Items  4.1.1,  4.1.2,  4.1.3. 


D-l.1.2 


See  Volume  1,  Section  III-D-1,  D-l.1.2 

same  as  Item  1.5.1  in  Table 

VIII-1. 


selection; 

_ 

None  at  this  time. 

Reexamine  if  large-scale 

D-2 

t*. 

production  becomes  likely. 
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Item 

No. 

Process 

Fuel 

Produced 

Problem  Area 

Type  of  Solution 

Materials  Problem 

Mate: 

8. 

PARTIALLY 
OXYGENATED  FUELS 

8.1.1 

H,  production. 

Hj  inter- 
mediate 

See  Items  1,  2,  and  3. 

See  Items  1,  2,  and  3. 

See  Items  1,  2,  and  3. 

See  Items  1 

8.2.1 

C02  production 
from  the  air. 

C02  inter- 
mediate 

Advances  in  compressor 
and  C02  adsorption 
methods. 

Engineering  design  and 
development . Process 
development. 

None. 

None. 

8.2.2 

CO,  production  from 
limestone. 

CO,  inter- 
mediate 

Mining  and  materials 
handling  (nuclear 
reactor  problems 
excluded) . 

Engineering  and 
materials  development. 

Low-cost  materials  with 
high  abrasion  resistance. 

Probably  noi 

8.3.1 

Co  production. 

CO 

No  existing  production 
process* 

Process  development; 
catalyst 'selection. 

Effective,  long-life 
catalyst. 

Catalyst  de\ 

8.4.1 

Methanol  production. 

Methanol 

None. 

- 

- 

None. 

8.5.1 

Methanol  production 
(electrolytic) , 

Methanol 

Conceptual  process. 

Process  development; 
catalyst  development. 

Electrocatalyst  research 
and  development. 

Development 
methanol  elc 
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Table  VI  1-2  (Concluded) 


I' TBVSIXjraSNT  AND  testing  needed  to  support  the  production  of  few  fuels 


^Solution 


Materials  Problem 


Materials  R,  D,  and  T Needs 


Remarks 


Report  Reference 
in  Vol.  2 Sect.  V 


'2,  and  3.  See  Items  1,  2,  and  3. 


’f. 

Si- 


See  Items  1,  2,  and  3. 


Resign  and  None. 
^Process 


H,  required  for  production  E,  A,  B, 
of  CO  and  methanol. 


CO,  required  for  production  E-l 
of  CO,  nnd  methanol. 


|ad  Low-coat  materials  with  Probably  none  required. 

Iviopment.  high  abrasion  resistance. 


Calcination  using  nuclear 
heat.  Improved,  low-cost 
abrasicn-reslstant 
materials  piovided  by 
industry  development. 


E-2 


t 

IU>p«r.ent ; 
Action. 

Effective,  long-life 
catalyst. 

Catalyst  development. 

Reversed  shift  reaction. 

E-3 

f 

fi7._ 

B 

- 

Ncne. 

Existing  technology 

E-4.’ 

1 

kopment ; 
jilopment . 

liar 

Electrocatalyst  research 
and  development. 

Development  of  electrocatalysts  for 
methanol  electrode. 

Mat  rials  of  construction 
of  plant  similar  to  Item  2.1. 

E-4.2 

TABLE  VII 1-3 

MATERIALS  RESEARCH  DEVELOPMENT  AND  TESTING 
NEEDED  TO  SUPPORT  THE  TRANSPORTATION  OF  NEW  FUELS 
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MATERIALS  RESEARCH  DEVELOPMENT  AND  TESTING  NEEDED  TO  SUPPORT  THE  TRANSPORT. 


Item  Mode  of 


No. 

Transportation 

Fuel 

Problem  Area 

Type  of  Solution 

Materials  Problem 

Mater 

1. 

EXISTING  PIPELINES 

1.1.1 

Hj  pipelines.  Hj 

gas. 

Acceptability  of  exist- 
ing pipelines  for  Hj 
transmission  and  dis- 
tribution. 

Materials  testing. 

Hj  environment  effects  over 
long  times  on  mechanical 
properties  of  material  and 
tfelds  of  existing  pipelines. 

Long-term 
line  mater 
hydrogen  a 
minor  quan 
and  illumi 
from  -60' 
unnotched 
toughness , 
static  loa 

1.1.2 

Full-scale  pipe 
testing. 

llj  environment  effects  over 
long  times  on  service 
behavior  of  existing  pipe- 
lines. 

Full-scale 
and  used  p 
t animated 
tures  ami 
tuating)  c 
service  an 

1.1.3 

Basic  research. 

Role  of  surfaces  in  adsorp- 
tion and  dissociation  of  Hj . 

Study  of  G 
sulfide,  a 
on  mcchani 

1.2.1 

NHj  pipelines.  nh3 

liquid. 

Acceptability  of 
existing  pipelines  for 
transmission  and  dis- 
tribution of  NHj- 

Materials  testing. 

Stress  corrosion  cracking 
of  steels  in  liquid  NIL,. 

Long-term 
new  and  us 
in  NH3  as 
structure 
stress,  no 
and  NH3  pr 

1.2.2 

Full-scale  pipe 
testing. 

Stress  corrosion  cracking 
of  steels  In  liquid  NH3. 

Full-scale 
pipelines 
NH3  envirc 
pressures 
service  an 

1.2.3 

Basic  research. 

Stress  corrosion  cracking 
of  steels  In  liquid  NH3. 

Studies  te 
problem  of 
liquid  Nit, 

1.3.1 

CO  pipelines.  CO 

Acceptability  of 
existing  pipelines  for 
transmission  and  dis- 
tribution of  CO. 

Materials  testing. 

Possible  environmental 
effects  of  CO  at  high 
pressures  for  long  times 
on  pipeline  materials. 

Long-tern 
line  steel 
detorlorat 
properties 
contarainat 

1.4.1 

Menthanol  pipelines.  Methanol. 

None. 

- 

None. 

None . 

2. 

NEW  PIPELINES 

2.1.1  Hj  pipelines.  Hj  gas.  Acceptability  of  new  Materials  testing  and 

metallic  pipeline  selection, 

materials  and  Instal- 
lations for  Hj  service. 

Test  data 
160°F  on  r 
strength, 
failure  ui 
fatigue. 

VI I I -18 


H,  environment  effects  over  Long-term 
long  times  on  higher  line  steel 
strength  pipeline  steels.  1I2  contamj 

of  02  , lUC 


It 


El 


. ..  , ■ ■■ 


Table  VI 1 1-3 


WELOPMENT  AND  TESTING  NEEDED  TO  SUPPORT  THE  TRANSPORTATION  OF  NEW  FUELS 


Solution 


Materials  Problem 


Materials  R,  D,  and  T Needs 


Remarks 


Report  Reference 
Vol.  2,  Sect.  VI 


Resting. 


Hj  environment  effects  over 
long  times  on  mechanical 
properties  of  material  and 
welds  of  existing  pipelines. 


Long-term  testing  of  new  and  used  pipe-  This  data,  together  with  that 
line  materials  and  welds  .n  pure  from  Item  1.1.2  will  permit 

hydrogen  and  hydrogen  contaminated  with  drafting  of  specifications 


A-4,  A-6 


gpipe 

| 


6 

F. 

K 

ft  . 

■arch. 


Hj  environment  effects  over 
long  times  on  service 
behavior  of  existing  pipe- 
lines. 


Role  of  surfaces  in  adsorp- 
tion and  dissociation  of  Hj . 


minor  quantities  of  0a  , 1I30, odorants 
and  illuminants.  Test  data  required 
from  -60°  to  + 160°F  on  notched  and 
unnotchcd  tensile  strength,  fracture 
toughness,  delayed  failure  under 
static  load  and  low  cycle  fatigue. 

Full-scale  testing  of  sections  of  new 
and  used  pipelines  in  pure  and  con- 
taminated H^  environments  at  tempera- 
tures and  pressures  (steady  and  fluc- 
tuating) corresponding  to  most  severe 
service  and  line  test  conditions- 

Studv  of  effects  of  surface  oxide, 
sulfide,  and  other  contaminant  films 
on  mechanisms  of  11^  entry  into  metals. 


covering  safe  operation  of 
existing  pipelines  with  Hj 
gas. 


A-4,  A-6 


A-4,  A-6 


gtesting. 

E 


4 

| 

k pipe 


Ku-ch. 


Stress  corrosion  cracking 
of  steels  in  liquid  NH3 . 


Stress  corrosion  cracking 
of  steels  in  liquid  XH3. 


Stress  corrosion  cracking 
of  steels  in  liquid  NH3. 


Long-term  delayed  failure  tests  of 
new  and  used  pipeline  steels  and  wolds 
in  Ml3  as  a function  of  contaminants, 
structure  and  yield  strength  of  steel, 
stress,  notches,  flaws,  temperature 
and  NHj  pressure. 

Full-scale  testing  of  new  and  used 
pipelines  in  pure  and  contaminated 
SH3  environments  at  temperatures  and 
pressures  corresponding  to  most  severe 
service  and  line-test  conditions. 

Studies  to  define  the  limits  of  the 
problem  of  the  SCC  of  steels  in 
liquid  NH3. 


Problem  especially  relevant 
to  higher  strength  pipelines. 
Data  produced  also  relevant 
to  Items  2.3.1,  4.2.1  and 
1.2.2 


D-l.l 


D-l.l 


D-l.l 


gtesting. 

Ftosslblo  environmental 

Long-term  tests  of  new  and  used  pipe- 

- 

£-1 

E- 

effects  oi  CO  at  high 

line  steels  to  establish  if  any 

pressures  for  long  times 

deterioration  of  their  mechanical 

£ 

on  pipeline  materials. 

properties  can  occur  in  pure  or 

s 

contaminated  CO  at  high  pressures. 

U 

j 

Sf 

None . 

None . 

- 

E-2 

J 1 — 

55 

1 

|test»ng  and 

Hj  environment  effects  over 

Long-term  testing  of  candidate  pipe- 

Extension  oi  programs 

under 

A-5,1 , A-5.3, 

l 

long  times  on  higher 

line  steels  and  welds  in  pure  Hj  and 

Items  1.1.1  to  higher 

strength 

A-6 

strength  pipeline  steels. 

Hj  contaminated  with  minor  quantities 

candidate  pipeline  steels. 

if 

5 

of  0, , HjO,  odorants  and  illuminants. 
Test  data  required  from  -60°F  to  • 

£ 

4- 

160°F  on  notched  and  unnotched  tensile 

strength,  iracture  toughness,  delayed 

1 

failure  under  static  load  and  low  cycle 

y 

% 

fatigue. 

| 
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Table  VI I 1-3  (Continued) 


MATERIALS 

; RESEARCH  DEVELOPMENT  AND  TESTING  NEEDED  TO  SUPPORT  THE  TRANSP 

Item 

No. 

Mode  of 

Transportation 

Fuel 

Problem  Area 

Typo  of  Solution 

Materials  Problem 

Mate 

2. 

NEW  PIPELINES  (Cont.; 

) - 

2.1.2 

Hj  pipelines. 
(Continued) 

H2  gas. 

Protection  of  pipel lne 
materials  from  H2  envi- 
ronments. 

lubrication  develop- 
ment * 

Fabrication  and  assembly  of 
vonted-lining  type  pipe. 

Feasibili 
lining  ty 
assembly. 

2.1.3 

Materials  development , 
fabrication  develop- 
ment . 

Development  and  application 
of  coatings  with  low  IL. 
permeability. 

Determine 
steels  co 
etc.  Inv 
mechanics 
after  exp 

2.1.4 

Nonoetallic  pipeline 
materials. 

Materials  selelction 

Long-term  mechanical 
behavior  of  plastics  and 
composites  in  high  pressure 
1^  , H20,  and  saline  envir- 
onments. 

Invest iga 
polymers 
ments  ait 
pressure 
ments. 

2.1.5 

Fabrication  develop- 
ment . 

Costly,  slo*  fabrication. 
Materials  selection. 

Develop  \ 
net hods . 

2.2.1 

Cryogenic  It,  pipe- 
lines. 

Hj  liquid. 

Piping  systems  for 
cryogenic  transmis- 
sion service. 

Design  and  materials 
engineering. 

Materials  selection. 

Materials 
neermg  d 

2.2.2 

The  "Energy  Pipe." 

Engineering  and  system 
design. 

Materials  availability  and 
economics. 

Support in 
oi  tochni 

2.2.3 

Materials  research  and 
development. 

Improved  superconducting 
alloys  and  composites. 

Not  spec! 

2.3.1 

NHj  pipelines. 

NHj  liquid. 

Acceptability  of  new 
metallic  pipeline 
materials  for  trans- 
mission and  distri- 
bution of  N!l3. 

Materials  research  and 
testing. 

Stress  corrosion  cracking 
of  steels  in  liquid  NH2. 

Long-term 
candidate 
welds,  as 

2.4.1 

02  pipelines. 

By-product 
0,  pas. 

Safe,  large-scale, 
economic  pipeline 
transmission  and  dis- 
tribution of  02 . 

Materials  qualifica- 
tion 

Lonp-term  compatibility  of 
low-cost  materials  of  con- 
struction with  02  at  hiph 
pressures. 

Determine 
pipeline 
pipe  coni 

2.4.2. 

Materials  research. 

Lack  of  fundamental 
knowledge  concerning  effects 
of  long-term  exposure  to 
high  pressure  02  on  mechan- 
ical behavior  of  metals. 

Studies  o 
sure  of  m 
and  conta 
mechanics 
dition. 

2.4.3 

Engineering  and  system 
design;  hasard  analysis, 
economic  analysis 

Support in 
aspects  o 
economic 

2.5.1 

Cryogenic  0, 
plpel ines. 

By-product 
02  1 lquid. 

Safe  distribution  of 
liquid  02  by  pipeline. 

Materials  selection 

Compatibility  of  metals  ant! 
polymers  with  liquid  02 . 

None . 

B 
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Table  V1II-3  (Concluded) 


MATERIALS 

RESEARCH  DEVELOPMENT  AND  TESTING  NEEDED  TO  SUPPORT 

THE  TRANS POR' 

1 

§ 

Item 

Mode  of 

1 

So. 

Transportation 

Fuel 

Problem  Area 

Type  of  Solution 

Materials  Problem 

Mate 

1 

t 

3. 

PRESSURE  VESSELS 

1 

ii 

3.1.1 

High  pressure  Hj 

Hj  gas. 

Higher  operating  pres- 

Establishment  of  safe 

Effects  of  Hj  environment; 

Determine 

FJ 

g 

vessels. 

sures. 

operating  practices. 

on  candidate  pressure 

and  1 ow-c; 

Limitation  of  permis- 

vessel  materials. 

candidate 

,ible  tt,  pressures. 

taminated 

£ 

ft 

pressure. 

1 

4. 

SURFACE  AND  AIR 

1 

TRANSPORTATION 

1 

4.1.1 

Barge,  railroad  car, 

Hj  liquid. 

Hj  losses;  cost. 

Engineering  design  and 

Improved  insulation. 

None . 

1 

tank  truck. 

development.  Materials 

£ 

development. 

1 

4.2.1 

Various  surface. 

NH3  liquid. 

Tank  materials. 

Mateiiels  research; 

Stress-corrosion  cracking 

Materials 

i 

materials  selection. 

of  quenched  and  tempered 

mechanism 

1 

steels  in  liquid  NHS. 

1 

4.2.2 

Testing  o! 

1 

materials 

4.3.1 

Various  surface. 

Hydrazine. 

Tank  materials. 

Materials  selection. 

Corrosion  of  container 

None. 

1 

materials. 

1 

4.3.2 

Catalytic  decomposition 

None. 

1- 

of  N2H4  by  container 

f- 

s* 

materials. 

I 

4.4.1 

Various  surface. 

Methanol. 

None. 

None. 

None. 

£ 

4.5.1 

Ocean  tanker. 

H2  liquid. 

Tanker  design  (liquid 

Engineering  design. 

None . 

None. 

i 

H,  tanks  not  considered 

; 

in 

a problem  area) . 

1 

4.6.1 

Air  tanker. 

Hg  liquid. 

Aircraft  design  opti- 

Engineering  design. 

- 

None . 

£ 

mization. 

4.6.2 

L quid  llj  tanks. 

Materials  selection 

High  strength,  high  stiff- 

Determine 

£ 

and  design  optimiza- 

ness,  light  wolght,  lo» 

properties 

5 

tion. 

thermal  conductivity  and 

for  candic 

low  thermal  expansion 

at  -423°F. 

materials  desirable. 

4.7.1 

Transfer  and 

H,  liquid. 

Heat  leaks  due  to 

Engineering  design; 

Low  thermal  flux  tubing. 

Materials 

delivery  systems 

penetration  of  tank 

materials  develop- 

support  f< 

for  use  with  sur- 

walls  by  transfer 

ment . 

programs. 

ft 

face  and  air 

vent  lines. 

tankers. 

4.8.1 

Transfortation  of 

Ha  gas. 

Containment  vessels. 

Materials  selection. 

Hj  environment  effects  on 

None . 

6 

hydrogen  as  metal 

container  materials. 

hydrides 

VI 1 1 -20 


lign  end 
tterials 


Improved  insulation. 


None . 


Improvements  likely  to  be  B-2 

provided  by  industry 
developments. 


Slrch; 

tion. 


Stress-corrosion  cracking 
of  quenched  and  tempered 
steels  in  liquid  NH3 . 


Materials  research  to  establish 
mechanism  and  limiting  conditions. 

Testing  of  candidate  SCC  resistant 
materials  and  welds. 


See  Vol . 1,  Section  III-D.l  D-1.2 
Overlaps  Items  1.2.1 

Overlaps  Items  1.2.1  and 
2.3.1 


;tion.  Corrosion  of  container  None, 

materials. 

Catalytic  decomposition  None, 

of  NjH«  by  container 
materials. 


Existing  technology. 
Existing  technology. 


D-2 


D-2 


None. 

None. 

Standard  practice. 

E-2 

m 

None . 

None. 

Lo*  density  cargo.  Liquid  H2 
tanks  similar  to  LNG  tanks. 

B-2 

r 

- 

None. 

Low  density  cargo. 

tion 

fctmiza- 


High  strength,  high  stiff- 
ness, light  weight,  low 
thermal  conductivity  and 
low  thermal  expansion 
materials  desirable. 


Determine  physical  and  mechanical 
properties  as  needed  for  design 
for  candidate  composite  materials 
at  -423° F. 


B-3 


iflfn; 

op- 


Low  thermal  flux  tubing. 


Materials  development  and  testing 
support  for  engineering  design 
programs. 


B-4 


Action. 


Hj  environment  effects  on 
container  materials. 


None. 


Not  attractive  for  H2 
transportation  on  a 
large  scale. 
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Table  VI I 1-4 


KATI&IALS  .“.SSEARCK  DEVELOPMENT  AND  TESTING  NEEDED  TO  SUPPORT  THE 


£ 


II 


is 


Item 


No. 

Type  of  Storage 

Fuel 

Problem  Area 

Type  of  Solution 

Materials  Problem 

i. 

NATURAL  FORMATIONS 

(Natural  or  modified) 

1.1.1 

Depleted  oil  or  gas 

Hj.  CO 

Porosity  oi  formation. 

Grouting. 

None . 

None. 

reservoirs,  aqui- 

gases,  and 

fers,  natural  or 
mined  caverns. 

xh3. 

1.2.» 

Underwater  storage. 

Hj,  CO 

Design  and  construe- 

Engineering  design; 

Materials  employed  must 

None 

gases. 

tion. 

materials  selection. 

be  resistant  to  aqueous  (or 
salt  water)  corrosion  and 
effects  of  Hj  (or  CO) 
environments. 

2. 

MAN-MADE  BULK 
STORAGE  SYSTEMS 
(GASES) 

2.1.1 

Pipelines,  capped 

Hj  gas. 

Acceptability  of  low 

Materials  testing  and 

Hj  environment  effects  over 

Long- 

pipe,  welded  steel 

and  medium  strength 

selection. 

long  times  on  low  and 

and  w 

vessels  for  raoder- 

steels  for  Hj  stor- 

medium  strength  steels. 

from 

ate  pressures 

age. 

requi 

(s  2000  psi). 

unnot 

tough 

statl 

2.1.2 

Protection  of  materials 

Fabrication  develop- 

Fabrication  and  assembly  of 

Devel 

of  construction  trom  H, 
environments. 

ment. 

vented-lining  type  vessels. 

and  a 

2.1.3 

Materials  development, 

Development  and  application 

Deten 

fabrication  develop- 

of  coatings  with  low  H3 

steel: 

ment. 

permeability. 

etc. 

mech  *i 

aftei 

2.2.1 

Welded  alloy  vessel 

Hj  gas • 

Acceptability  of  high- 

Materials  testing  and 

Hj  environment  effects  over 

Deten 

for  high  pressures 

strength  alloys  for 

selection. 

long  times  on  high-strength 

on  me« 

(>  2000  psi) . 

Hj  storage. 

alloys. 

high-! 

2.3.1 

Filament-wound 

Hj  gas. 

Acceptability  of  high- 

Materials  testing. 

Long-term  mechanical 

Deten 

fiber-reinforced 

strength  FRP  vessels 

behavior  of  FRP  in  high- 

to  hi; 

plastic  vessels. 

for  Hj  storage. 

pressure  Hj . 

propei 

2.3.2 

Fabrication  develop- 

Present  fabrication  methods 

Develc 

ment. 

are  expensive,  slow,  and 
size-limited. 

scale 

2.4.1 

Lined,  fiber-rein- 

Hj  gas. 

Design  and  construe- 

Engineering  development  Long-term  materials  data  for 

Deten 

forced  and/or 

tion. 

and  evaluation;  mater- 

design  is  lacking. 

ertle: 

polymer -impregnated 
cement  vessels. 

lals  testing. 

compos 

I 


viii-21 


Table  VI 11-4 

IlCKr  AND  TESTING  NEEDED  TO  SUPPORT  THE  STORACE  OF  NSW  FUELS 


Materials  Problem 


Materials  R,  D,  and  T Needs 


Remarks 


Report  Reference 
Vol.  2,  Section  VII 


L _ ___  

v 

s 

p 

! 

None . 

None. 

Practice  similar  to  existing 
storage  of  natural  gas. 

B-l,  C-2.1 

§ 

IS 

OB. 

1 

& 

l 

Materials  employed  must 
be  resistant  to  aqueous  (or 
salt  water)  coirosion  and 
effects  of  H-  (or  CO) 
environments. 

None  at  this  time. 

Concept  only. 

B-i 

g 

i-  . . 

|»nd 

1 

| 

f- 

1: 

H.j  snvironment  effects  over 
long  times  on  low  and 
medium  strength  steels. 

Long-term  testing  of  candidate  steels, 
and  welds  in  pure  and  contaminited  Hj 
from  -60° F to  -160°F.  Test  de:a 
required  includes  notched  and 
unnotched  tensile  strength,  fracture 
toughness,  delayed  failure  under 
static  load,  and  low-cycle  fatigue. 

"Line-packing"  of  transmission 
pipelines  is  a standard  method 
of  natural  gas  storage.  Data 
would  permit  specification  of 
safe  design  and  operating 
standards. 

B-2,  B-3 

ibp- 

Fabritation  and  assembly  of 
vented-llnlng  type  vessels. 

Development  of  low-cost  fabrication 
and  assembly  methods. 

Ventod-lining  techniques 
employed  in  high  pressure, 
chemical  process  vessels  con- 
taining Hj  . 

B-2,  B-3 

op- 

£ 

fe 

Development  and  application 
of  coatings  with  low  H2 
permeability. 

Determine  rate  of  entry  of  Hj  into 
steels  coated  with  Cd,  Pb,  Sn,  glasses, 
etc.  Investigate  deterioration  of 
mechanical  properties  of  coated  samples 
after  exposure  to  H2 . 

See  Section  VI-A 
5.1 

J 

t and 

H 

*_ 

Hj  environment  effects  over 
long  times  on  high-strength 
alloys. 

Determine  effects  of  high-pressure  Hj 
on  mechanical  properties  of  candidate 
high-strength  alloys  and  welds. 

- 

B-2,  B-3 

A 

[• 

Long-term  mechanical 
behavior  of  FRP  in  high- 
pressure  Hj . 

Determine  effect  of  long-term  exposure 
to  high-pressure  Hj  on  mechanical 
properties  of  FRP. 

- 

B-2,  B-3 

lop- 

Present  fabrication  methods 
are  expensive,  slow,  and 
size-limited , 

Develop  low-cost,  rapid,  and  large- 
scale  fabrication  methods. 

B-2.  B-3 

lopment  Long-term  materials  data  for 
iater-  design  Is  lacking. 

Determine  long-term  mechanical  prop- 
erties of  various  types  of  cement 

Possible  low-cost,  large- 
scale  storage  vossels. 

B-3 

composites. 
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Table  VIII-4  (Continued) 


MATERIALS  RESEARCH  DEVELOPMENT  AND  TESTING  NEEDED  TO  SUPPORT  THE  STORA 


Item 


No. Typo  of  Stonge Fuel Problem  Area Type  of  Solution Materials  Problem  Mate; 


3. 

BUUC  STORAGE  SYSTEMS 
(LIQUIDS) 

3.1.1 

Conventional  systems  H2  liquid, 
(vacuum  jacketed)  up 
to  3 x 10fi  gal. 

Tanks  and  auxiliary 
equipment. 

Materials  selection. 

.Von  o. 

None . 

3.2.1 

Metal  or  metal- lined  H,  liquid, 
concrete  tanks 
> 3 x 10*  gal. 

Design  and  construc- 
tion. 

Engineering  develop- 
ment; materials 
selection. 

None . 

None. 

3.3.1 

Reinforced  plastic  Hj  liquid, 
tanks. 

Design  and  construc- 
tion. 

Engineering  and  fabri- 
cation development. 

Present  fabrication  methods 
expensive,  slow  and  size- 
limited. 

Develop  L 
scale  iab 

3.3.2 

Materials  testing. 

Materials  data  for  design 
at  cryogenic  tuaperatures 
is  lacking. 

Determine 
ioal  prop 
ites  at  c 

3.3.3 

Materials  development. 

Chiil-down  stresses  would 
be  reduced  by  low-expansion 
materials. 

Develop  a 
composite 
trolled  o 
advanced 
or  zero 

3.4.1 

Fiber  reinforced  H2  liquid. 

Impregnated  cement 

tanks. 

Design  and  construc- 
tion. 

Engineering  develop- 
ment and  evaluation; 
materials  testing. 

Materials  data  for  design 
at  cryogenic  temperatures 
is  lacking. 

Determina 
leal  prop 
cements  a 

3.5.1 

All  liquid  Hg  bulk  H,,  liquid, 
storage  systems. 

Insulation  materials. 

Engineering  design  and 
development ; materials 
development. 

Improved,  low-cost  Internal 
and  external  insulation 
matei ials. 

Materials 

engineer! 

3.5.2 

Auxiliary  components. 

Materials  selection, 
component  testing. 

Effects  of  high-purity  Hs 
environments  on  materials. 

Test  comp 
at  sorvic 

3.6.1 

Double  wall, perlite  NH3  liquid. 

Insulated  steel 

tanks. 

None  using  conventional 
low- strength  steel  con- 
struction. 

- 

None . 

None . 

3.6.2 

Use  of  higher  strength 
steels. 

Materials  research  and 
testing. 

Stress  corrosion  cracking 
of  steels  in  liquid  NH3. 

Materials 
mechanism 
steels  in 

3.6.3 

Testing  o 
materials 

3.7,1 

Methanol  bulk  Methanol 

storage  tanks. 

None, 

- 

Nore 

- 
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AMD  TESTING  NEEDED  10  SUPPORT  7 HE  STORACE  OF  NEW  FUELS 


Materials  Problem 


Materials  H , D,  and  T Needs 


Remarks 


Report  Reference 
Vol . 2,  Sect.  VII 


None . 


None . 


Existing  technology. 


C-l.l,  C-1.5 


& 

|op- 

¥- 

V 

& 

it 

None. 

None  * 

Double  or  single  wall  C-l.l,  C-1.5 

construction. 

t 

|«bri- 

Present  fabrication  methods 
expensive,  slow  and  size- 
limited. 

Develop  low-cost,  rapid,  and  large- 
scale  fabrication  methods. 

Strength  requirements  not  as  C-l.l,  C-1.5 
great  as  Item  2.3.1. 

M 

Materials  data  for  doslgn 
at  cryogenic  temperatures 
is  lacking. 

Determination  of  physical  and  mechan- 
ical properties  of  candidate  compos- 
ites at  cryogenic  temperatures. 

C-l . 1 , C-l . 5 

Chill-down  stresses  would 
bo  reduced  by  low-expansion 
materials. 

Develop  and  test  reinforced  polymeric 
composites  and  structures  with  con- 
trolled orientation  of  graphite  or 
advanced  organic  fibers  to  give  low 
or  zero  expansion  cceff iclonts. 

For  smaller  tanks.  Costs  C-l.l 

likely  to  be  too  high  for 
large  vessols. 

Sj 

Materials  data  for  design 
at  cryogenic  temperatures 
is  lacking. 

Determination  of  physical  and  mechan- 
ical properties  of  fiber  'oinforced 
cements  at  cryogenic  temp  -atures. 

C-l.l,  C-1.5 

i 

gn  and 
•rials 

1 

Improved,  low-cost  Internal 
and  external  insulation 
matei lals. 

Materials  D and  T support  for 
engineering  development. 

C-l.  4 

K 

Won, 

Effects  of  high-purity  H2 
environments  on  materials. 

Test  components  in  high-purity  H2 
at  service  conditions. 

C-l.l 

| 

None. 

None .- 

Standard  practice  . C-2.1 

t 

(cli  and 

'<S 

1 

jSt 

**- 

| 

| 

Stress  corrosion  cracking 
of  steels  in  liquid  NH, . 

Matei  mis  research  to  establish 
mechanism  and  iiraits  ol  SCC  of 
steels  in  liquid  NH2. 

See  also  Vol.  1 Sect.  Ill-  C-2.1 

D.l  and  Vol.  2,  Sect.  VI- 
D.l.  Same  as  item  1.5.1 
in  Table  VIIX-1. 

Testing  of  candidate  SCC.  resistant 
materials. 

C-2.1 

| 

None 

- 

Standard  practice.  C-2.2 
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MATERIALS  RESEARCH  DEVELOPMENT  AND  TESTING  NEEDED  TO  SUPPORT  TIIE  STO. 


Item 


No. 

Type  of  Storage 

Fuel 

Problem  Area 

Type  of  Solution 

Materials  Problem 

Mat  < 

4. 

SMALL  CONTAINER 
STORAGE— GASES 

| 4.1.1 

FRP  vessels. 

H2  gas . 

Lighter  vessels  needed. 

Develop  and  qualify 
filament-wound  rein- 
forced plastic  tanks. 

Long-term  mechanical 
behavior  of  FhP  in  high 
pressure  Hj  . 

Determir 
to  high 
ertles  c 

5. 

SMALL  CONTAINER 
STORAGE— LIQUIDS 

S'  5.1.) 

¥ 

1 

Vacuum- jacketed 
tanks. 

Hs  liquid. 

Low-cost,  mass-piodueed 
storage  tanks. 

Dasign  and  fabrication 
development. 

None . 

Material 
port  for 
grama. 

t 

| 5.2.1 

1 

Insulated  tanks. 

NH3  liquid. 

Low-cost,  mass-pro- 
duced storage  tanks. 

Design  and  fabrication 
development. 

None . 

None . 

fc 

1 

| 5.3.1 

i 

Uninsulated  tanks 
for  hydrazine. 

Hydrazine. 

Very  long-term  (10 
year)  storage. 

Design,  materials 
development  and 
testing,  chemical 
studios. 

Long-term  compatibility  of 
metallic  and  nonmotallic 
materials  with  hydrazine. 

Devel opm 
inert  ma 

| 5.4.1 

1 

Uninsulated  tanks 
for  methanol. 

Mothanol . 

None  of  significance. 

- 

None. 

Nero. 

f 

I 6. 

AIRCRAFT  AND  SPACE 
VEHICLE  FUEL  TANKS 

l 

| 6.1.1 

| 

All  aircraft  and 
space  vehicles. 

Hj  liquid. 

Flight-weight  tank 
design. 

Engineering  design  and 
development  using 
advanced  composites. 

Lack  of  design  data  for 
cryogenic  temperatures. 

Detci-mim 
property 
at  cryogi 

I 6-1-2 

1 

£ 

Fabrication  and 
materials  develop- 
ment. 

Chill-down  stresses  would 
be  reduced  by  low -expansion 
materials. 

Develop  : 
compos its 
trolled  < 
advanced 
or  zero  e 

| 6.1.3 

Adhesive  for  use  in  contact 
with  liquid  H-, . 

Develop  a 
-423°F. 

6 6.1.4 

£ 

Flexible  membrane  materials 
for  liquid  Hj  or  Ha  vapor 
barriers.. 

Develop  1 
materials 

6.2.1  Subsonic  aircraft  Hj  liquid.  Fuel  tank  Insulation.  Engineering  and  Safe,  efficient  Insulation  Develop  a 

matortals  development,  for  temperature  range  losed-pc 

-423°F  to  -180CF.  'emal  c 

•.ructura 

+180CF. 


Table  VIII-4  (Continued) 


DSVSLCPMEirr  ANl  C23TING  NEEDED  TO  SUPPORT  THE  STORAC2  OF  NSW  FUELS 


Report  Reference 
Vol.  2,  Sect.  Vit 


d qualify  Long-term  mechanical 

around  rein-  behavior  of  FRP  in  high 

aatic  tanks.  pressure  Hj . 


Determine  effects  of  long-term  exposure 
to  high  pressure  H2  on  mechanical  prop- 
erties of  FRP. 


B-2,  B-3 


fed  fabrication  None. 

Int. 

£ 

pud  fabrication  None. 


laterials  Long-term  compatibility  of 

int  and  metallic  and  nonraetallic 

^chemical  materials  with  hydrazine 


Materials  development  and  testing  sup-  Essenatlal  for  use  of  liquid  C-1.2 

port  for  enginec -ing  development  pro-  H2  by  vehicles,  small  boats, 

grams ■ portable  equipment. 


Development  and  testing  of  highly 
inert  materials  or  coatings. 


Short-term  small  container 
storage  of  hydrazine  poses 
no  serious  problems. 


i 

Kng  design  and 
■§nt  using 
■ composites. 

Lack  of  design  data  for 
cryogenic  temperatures. 

Determine  physical  ar.d  mechanical 
properties  of  candidate  composites 
at  cryogenic  temperatures. 

Storage  tines  required  are 
relatively  short. 

C-X.3 

Hon  and 
KS  devolop- 

& 

Chill-down  stresses  would 
be  reduced  by  low-expansion 
materials. 

Develop  and  test  reinforced  polymeric 
composites  and  structures  with  con- 
trolled orientation  of  graphite  or 
advanced  organic  fibers  to  give  low 
or  z>*ro  expansion  coefficients. 

Same  as  Item  3.3.3. 

C-1.3 

£ 

< 

Adhesive  for  use  in  contact 
with  liquid 

Develop  adhesives  for  service  at 
-423’F. 

* 

C-1.3 

1 

Flexible  membrane  materials 
for  liquid  IL,  or  ll2  vapor 
barriers. 

Develop  high-strength  floxible  membrane 
materials  for  servlco  at  -423°F. 

C-1.3 

& 

S' 

fing  and 
[•  development. 

ST 

Safe,  efficient  insulation 
for  temperature  range 
-423° F to  *180°F, 

Develop  and  test  fire-resistant 
closod-poro  foams  with  vory  low 
thermal  conductivity  and  good 
structural  strength  from  -423"F  to 
f-1 80*  F. 

Foams  may  be  fiber  rein- 
forced. 

C-1.3,  C-1.4 
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MATERIALS  R3SEARC”  DEVELOPMENT  AND  TESTING  N33D3D  TO  SUPPORT  THE  STO 


Item 


No. 

Type  of  Storage 

Fur-1 

Problem  Area 

Type  of  Solution 

Materials  Problem 

Mate 

6. 

AIRCRAFT  AND  SPACE 
VEHICLE  FUEL  TANKS 
(Concluded) 

6.3.1 

Supersonic  aircraft.  Hj 

liquid. 

F-tel  tank  insulation. 

Engineering  and 
materials  development. 

Hot-face  insulation  tempera- 
ture may  reach  350°F, 

Material. 

neeering 

0.4.1 

Hypersonic  aircraft.  Hj 

gas. 

Fuel  tank  insulation. 

Engineering  and 
materials  development. 

Target  for  insulation 
operating  range  is  -423“F 
to  -t-650°F. 

Materials 
neerlng  c 

7. 

STORAGE  OF  NEW  FUELS 
AS  SOLIDS 

7.1.1 

Storage  of  hydrogen  H, 
as  metal  hydrides. 

gas 

Technical  and  economic 
feasibility. 

Cost/benefit  analysis 
of  hydride  systems 
compared  with  liquid 
and  gaseous  Hj , for 
various  storage  capa- 
cltic i and  appli- 
cations. 

Estimate  materials  compon- 
ent of  system  costs. 

Asslstanc 

technical 

study. 

7.1.2 

Lack  of  operational 
experience. 

Build,  est,  and 
develop  engineering 
prototype  systems 
based  on  Mg  and  FeTi , 

Not  applicable. 

Asslstanc 

7.1.3 

Performance  improve- 
ments. 

Materials  research  and 
development. 

Absorption  and  desorption 
kinetics. 

Studies  c 
desorptic 
candidate 

7.1.4 

Investige 

additions 

systems. 

7.1.5 

Limited  cycle  life, 
especially  for  deep 
discharges. 

Examine  e 
HjO,  cdoi 
life. 

7.1.6 

Investlga 
charge  re 
and  bed  c 
bed  struc 

8. 

STORAGE  OF  BY-PRODUCT 
OXYGEN 

8.1.1 

Bulk  sto.  r.ge  as  gas  By-product 
in  geological  02  gas 

caverns . 

Possible  ignition 
hazards. 

Engineering  studies. 

None 

None 
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iSNT  AND  TESTING  NEEDED  TO  SUPPORT  THE  STORAGE  OK  NEW  FUELS 


Materials  Problem 


Materials  It,  D,  and  T .Seeds 


Hot-face  Insulation  tempera-  Materials  D and  T support  to  engi- 
rt. ture  may  reach  350°?.  neeerlng  development  programs. 


Target  for  Insulation 

rt.  operating  range  Is  -423°F 
to  iG50°F. 


Materials  D and  T support  to  engi- 
neering development  programs. 


•Is 

i 

\ 


Estimate  materials  compon- 
ent of  system  costs. 


Assistance  In  materials  aspects  ol 
technical  and  economic,  feasibility 
study. 


Not  applicable. 


Assistance  and  consultation. 


and 


P 


Absorption  and  desorption 
liinetic3. 


Limited  cycle  life, 
especially  for  deep 
discharges. 


Studies  of  H3  absorption, storage  and 
desorption  characteristics  for  nee 
candidate  systems. 

Investigate  effects  of  minor  alloy 
additions  on  performance  of  known 
systems. 

Examine  effects  of  contaminants  (0S , 
Ha0,  odorants,  illuminants)  on  cycle 
life. 

Investigate  cycle  life/depth  of  dis- 
charge relationships  for  various  rates 
and  bed  conditions.  Develop  improved 
bed  structures. 


Remarks 


Hot-face  insulation  tempera- 
tures will  depend  on  aircraft 
or  vehicle  design. 


Study  needs  to  be  done  in 
depth.  Published  comparisons 
are  not  considered  adequate. 


One  program  using  KeTi 
initiated  at  Brookhuven 
National  Laboratory. 


Report  Reference 
Vol.  2,  Sect.  VII 


C-1.3 


C-1.3,  C-l.4 


D-4 


D-4 


D-4 


D-4 


D-4 


D-4 


None 


None 


Analogous  to  current  practice  E 
with  natural  gas. 


Table  V1II-4  (Concluded) 


0PH3NT  AND  TESTING  NEEDED  TO  SUPPORT  THE  STORAGE  OF  NSW  FUELS 


Ittlon 


Materials  Problem 


Materials  R,  D,  and  T Needs 


Remarks 


Report  Reference 
Vol.  2,  Sect.  VII 


aiflca- 


l**rch- 


Long-term  compatibility  of 
low-cost  materials  of  con- 
struction with  02  at  high 
pressures . 

Lack  of  fundamental 
knowledge  concerning 
effects  of  long-term  expo- 
sure to  high  pressure  02 
on  mechanical  behavior  of 
metals. 


system  - 


Roomie 


Determination  of  Ignition  hazards  for 
materials  of  construction  under  con- 
ditions simulating  most  severe  expo- 
sure. 

Studies  of  effects  of  long-term  expo- 
sure of  motals  to  high  pressure  pu-e 
and  contaminated  02  on  their  mechanical 
behavior  and  surface  condition. 


Supporting  studios  ol  materials 
aspects  of  engineering,  hazard, 
and  economic  evaluation. 


I 


tlon.  Compatibility  of  metals  and 
other  materials  with  liquid 
02. 


None. 


Existing  technology  and  prac- 
tice. Safety  standards  must 
be  enforced  to  prevent 
accidents. 


£ 
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IX  RESEARCH  RECOMMENDATIONS  AND  PRIORITIES 


This  section  collates  and  reclassifies  the  materials  research,  develop- 
ment, and  testing  needs  identified  in  Tables  VIII-1  through  VIII-4  into 
ten  major  programs  as  follows: 

Table  IX-1 

Program  A:  Effects  of  Hydrogen  on  Materials 

Table  IX-2 

Program  B:  Effects  of  Hydrogen  Carriers  and  Partially 

Oxygenated  Compounds  on  Materials 

Table  IX-3 

Program  C:  Effects  of  Oxygen  (By-Product)  on  Materials 

Table  IX-4 

Program  D:  High-Temperature  Materials  Studies 

Table  IX-5 

Program  E:  Materials  for  Service  at  Cryogenic  Temperatures 

Table  IX-6 

Program  F:  Materials  for  Fuel  Cells  and  Electrolyzers 

Table  IX-7 

Program  G:  Materials  for  High  Energy  Density  Batteries 

Table  IX-8 

Program  H:  Catalysts  (Excluding  Electrode-Catalysts) 


IX-1 


Table  IX-9 


Program  J:  Miscellaneous  Materials  Development  and  Fabrication 


Table  IX-10 


Program  K:  Technoeconomic  and  Engineering  Feasibility  and 

Evaluation  Studies. 

A number  of  specific  projects  are  described  within  each  major  program. 

The  relevance  of  each  project  to  DoD  is  estimated  and  a priority  is  sug- 
gested. The  tabular  form  employed  and  the  significance  of  the  individual 
table  columns  are  described  below. 


Project  Number  (Column  1) 

Column  1 lists  the  project  number  which  consists  of  the  major  program 
letter  (A  through  K)  followed  by  a number  that  identifies  the  individual 
project  within  the  major  program. 


Project  Description  (Column  2) 

Column  2 gives  a project  title  and  a short  description  of  the  suggested 
scope  of  the  study.  In  some  instances  the  project  is  divided  into  subpro- 
jects, identified  by  lower  case  letters  in  parentheses,  e.g. , (a). 

Activity  Type  (Column  3) 

Column  3 contains  a simple  description  of  the  type  of  activity 
involved  in  the  performance  of  the  project;  for  example,  "Basic  research" 
or  "Materials  testing  and  interpretation." 


Fuel  (Column  4) 


Column  4 lists  the  fuel  or  fuels  to  which  the  project  relates. 


IX-2 


■ .<  i " »V  ,'M  < 


Problem  Area  (Column  5) 


Column  5 gives  an  abbreviated  description  of  the  problem  area  to 
which  the  proposed  project  or  subproject  relates.  A horizontal  line 
running  from  Column  4 (Fuels)  through  Column  10  separates  the  informa- 
tion contained  in  these  columns  according  to  the  problem  area  indicated 
in  Column  5.  In  some  instances,  a single  project,  for  example,  project 
A-l  in  Table  IX-1 , is  related  to  several  problem  areas.  In  some  other 
cases,  individual  subprojects  are  related  to  separate  problem  areas;  in 
this  instance,  the  relationship  is  clarified  by  the  subproject  identifying 
letter  given  before  the  problem  area  description,  for  example, 
project  A-5(a)  and  A-5(b)  in  Table  IX-1. 

Reference  to  Section  VIII  (Columns  6 and  7) 

These  columns  list  the  table  and  item  numbers  of  the  materials 
research,  development,  and  testing  needs  identified  in  Section  VIII  that 
the  project  or  subproject  described  in  Column  2 aims  to  solve.  The 
relevant  textual  matter  of  Sections  IV  through  VII  in  Volume  2 can  be 
traced  using  these  Section  VIII  item  numbers  and  table  numbers. 

Relevance  to  DoD  (Column  8) 

This  column  indicates  our  judgment  of  the  relevance  of  the  project 
or  subproject  to  DoD  requirements.  The  relevance  is  indicated  as  "high,” 
"moderate."  or  "low"  and  reflects  the  highest  degree  of  relevance  among 
the  items  listed  in  Column  7.  (These  items  do,  of  course,  vary  in  their 
relevance  to  DoD  even  though  their  so] ution  is  provided  by  the  same 
project  or  subproject.) 


IX-3 


I 

i 

i 

5 

5 

f 

| 

| 

I 
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I 

f 

Priority  (Column  9)  f 

s 

Coluian  9 indicates  our  rating  on  n scale  of  1 (high)  to  5 (low)  of 
the  priority  that  should  be  accorded  to  the  project  or  subproject  in  the 
context  of  the  specific  problem  area  shown  in  Column  5.  A project  may 
be  assigned  a high  priority  in  relation  to  one  problem  area  and  a low 
priority  in  regard  to  another,  since  given  problem  areas  will  be  of 
varying  importance  and  may  require  solutions  in  different  time-frames. 

The  listed  priority  rating  is  based  on  a combination  of  the  importance 
of  the  problem,  the  urgency  of  the  need  for  a solution  and  the  relevance 
of  the  problem  to  the  DoD.  It  must  be  emphasized  that  the  priority  judg- 
ments represent  our  interpretation  of  the  information  uncovered  during 
the  performance  of  this  study  and  that  new  information  or  changes  in 
DoD  policy  might  necessitate  a corresponding  update  of  the  priority 
ratings. 

Remarks  (Column  10) 

Explanatory  comments  are  made  in  this  column  either  to  clarify  the 
relevance  or  priority  ratings  in  Columns  8 and  9,  or  to  provide  additional 
general  information  on  the  problem  area  or  the  nature  of  the  project. 


IX-A.  DISCUSSION  OF  RESEARCH  RECOMMENDATIONS 


The  suggested  materials  research,  development,  ar.d  testing 
projects  are  briefly  described  in  the  following  paragraphs  under  the 
programs  of  which  they  are  a part.  An  overall  summary  (Section  IX-B) 
discusses  the  most  important  materials  aspects  of  the  use  of  new  fuels 
in  advanced  energy  systems. 

1 . PROGRAM  A : EFFECTS  OF  HYDROGEN  ON  MATERIALS 

In  spite  of  the  extensive  literature  on  the  effects  of  hydrogen 
on  metallic  materials,  this  study  has  shown  that  there  are  still  serious 
deficiencies  in  our  knowledge,  particularly  with  regard  to  the  behavior 
of  materials  of  practical  engineering  significance  under  conditions  that 
might  be  encountered  in  a hydrogen  economy.  This  is  especially  true  of 

the  use  of  aerospace  materials  in  hydrogen-fueled  aircraft  or  rockets 

> 

and  of  the  use  of  general  engineering  materials  for  pipeline  transmis- 
sion and  distribution  of  hydrogen.  While  the  materials  requirements 
for  these  two  application  areas  are  completely  different  the  two  cases 
have  in  common  the  fact  that  the  materials  employed  are  used  at  the 
highest  possible  level  of  performance.  This  common  performance  require- 
ment is  dictated  in  the  case  of  aerospace  materials  by  the  need  to  mini- 
mize weight  in  flight  structures  of  all  kinds,  and,  in  the  case  of 
pipeline  materials,  is  a consequence  of  economic  considerations. 

Projects  A-l  and  A-2  relate  to  the  use  of  aerospace  structural 
materials  in  hydrogen  environments.  These  are  the  materials  employed 
in  components  extending  from  on-board  fuel  tanks  through  the  point  where 
the  hydrogen  fuel  i»  burned.  The  materials  testing  and  interpretation 
work  recommended  would  encompass  temperatures  ranging  from  liquid 
hydrogen  temperatures  up  to  1500°F  and  to  significantly  higher 
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temperatures  in  special  cases,  such  as  those  that  might  occur  if  hydrogen 
were  used  to  cool  the  hot  components  cf  turbine  or  rocket  engines. 

Because  of  the  different  testing  techniques  required , the  measurement  and 
interpretation  of  the  mechanical  oioperties  of  aircraft  structural  mater- 
ials in  hydrogen  environments  has  been  divided  into  two  separate  projects, 
projects  A-l  and  A-2.  Project  A-l  is  related  to  property  measurements 
from  -423°F  to  300°F,  while  project  A-2  is  related  to  temperatures  from 
300®F  upwards.  For  both  projects,  tests  should  be  conducted  both  in 
an  inert  atmosphere,  such  as  helium,  and  in  hydrogen,  to  obtain  an  indi- 
cation of  the  property  degradation  due  to  the  hydrogen  environment.  Much 
of  this  work  would  extend  and  continue  such  programs  as  those  summarised 
in  Table  IV-2  (Volume  2) . Since  it  is  likely  that  advanced  composite 
materials  with  polymeric  as  well  as  metallic  matrices  may  be  employed 
over  the  low  and  moderately  elevated  temperature  ranges,  we  believe 
testing  of  the_e  materials  should  be  included,  since  no  definitive  informa- 
tion appears  to  exist  as  to  the  behavior  of  this  category  of  materials  in 
hydrogen  environments. 

The  information  obtained  from  the  suggested  test  projects  can 
be  employed  to  determine  the  critical  stresses  (or  stress  intensities) 
below  which  the  materials  can  be  used  safely  when  exposed  to  the  most 
severe  environmental  conditions  likely  to  be  encountered  in  service. 
However,  these  design  data  will  be  of  more  value  if  the  mechanisms  causing 
property  degradation  are  fully  understood.  For  this  reason,  an  important 
part  ol  both  projects  will  be  to  analyze  and  interpret  the  test  results 
in  terms  of  the  composition,  microstructure,  and  surface  condition  of  the 
material,  and  the  details  of  the  test  environment. 
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The  effects  of  hydrogen  environments  on  pipeline  materials 
is  the  highest  priority  item  under  Project  A-3:  Hydrogen  Environment 

Effects  on  Engineering  Materials.  The  enormous  capital  investment  in 
pipeline  transraissioi  and  distribution  systems  makes  it  essential  that 
a conclusive  answer  be  provided  to  the  question  of  whether  or  not 
present-day  and  future  pipeline  steels  (and  welds)  are  acceptable  for 
use  with  hydrogen.,  and  if  so,  what  factors  of  safety  should  be  applied 
to  the  design  of  the  system. 

Three  aspects  of  the  effects  of  hydrogen  on  the  behavior  of 
aerospace  and  general  engineering  materials  are  worthy  of  special 


mention: 


• Hydrogen-assisted  fatigue  cracking. 

• The  effect  of  contaminants  in  the  gas  on  the  mechanical 
behavior  of  materials  in  hydrogen  environments. 

* 

• The  role  of  surface  films  and  surface  contaminants  on  the 
adsorption  and  dissociation  of  hydrogen. 

The  first  two  topics  have  been  included  in  the  mechanical  properties 
investigations  covered  by  Projects  A-l , A-2,  and  A-3.  The  third  topic 
is  the  subject  of  a separate  project  (A-6) . The  results  of  this  project 
will  have  an  important  bearing  on  understanding  the  mechanical 
behavior  of  practical  materials  in  hydrogen  environments  under  actual 
service  conditions. 


Permeation  of  hydrogen  through  metallic  and  nonmetallic 
materials  is  not  of  general  importance;  however,  the  two  specific 
studies  shown  under  A-S  have  been  included.  Project  A-5(a)  relates  to 
the  particular  requirements  involved  in  the  use  of  hydrogen  as  the 
working  fluid  for  Stirling  cycle  engines;  its  importance  will  depend 
on  the  extent  of  industry  and  DoD  interest  in  this  type  of  engine. 
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Project  A-5(b)  relates  to  the  possible  use  of  protective  coatings  to 
prevent  the  entry  of  hydrogen  into  metals.  This  project  should  be 
exploratory  in  nature,  since  the  possibilities  of  practical  success 
for  such  an  approach  would  appear  to  be  limited. 

While  most  interactions  of  hydrogen  with  metals  are  considered 
as  having  unfavorable  implications,  the  use  of  hydrides  for  storage  of 
hydrogen  represents  an  attractive  possibility  for  utility  peak  shaving 
requirements  and  possibly  for  the  on-board  storage  of  hydrogen  fuel  for 
vehicles.  Continuation  and  extension  of  metal  hydride  studies  under 
Project  A-7  has  been  assigned  a priority  rating  of  2 , but  the  level  of 
effort  should , in  our  view,  depend  on  the  outcome  of  technoeconomic  and 
prototype  studies  to  determine  the  potential  advantages  of  this  system 
compared  with  gaseous  or  liquid  fuel  storage. 

In  addition  to  the  extensive  materials  testing  studies 
identified  under  Project  A-.*1 , new  or  existing  pipelines  cannot  be 
recommended  for  use  with  hydrogen  until  extensive  full-scale  pipe  testing 
has  been  safely  completed.  This  activity  is  identified  under  Project 
h-8  and  is  accorded  a priority  equal  to  the  associated  materials  testing 
studies, as  they  relate  to  pipeline  materials. 

Project  A-9  includes  various  materials  development,  testing, 
and  consultation  activities  required  to  support  engineering  development 
apd  component  testing  programs  in  a variety  of  different  problem  areas. 
Since  the  potential  effects  of  hydrogen  on  a wide  variety  of  materials 
may  be  deleterious  to  varying  degrees  it  is  essential  that  adequately 
qualified  materials  experts  are  involved  at  all  stages  of  the  engineering 
design,  development,  testing,  and  production  of  equipment  or  components 
exposed  to  hydrogen  environments  to  ensure  maximum  reliability  and 
safety  of  operation. 


It  is  our  overall  conclusion  that  the  effects  of  hydrogen  on 
materials  will  not  constitute  an  insurmountable  barrier  to  the  safe 
and  effective  use  of  hydrogen  as  a fuel  for  military,  industrial, 
commercial  and  residential  use.  However,  before  hydrogen  fuel  can  be 
successfully  introduced,  extensive  additional  information  must  be 
developed.  Program  A represents  a tentative  suggestion  of  the  materials 
research,  development,  and  testing  programs  required  to  provide  this 
information. 

2.  PROGRAM  B:  EFFECTS  OF  HYDROGEN  CARRIERS  AND  PARTIALLY 

OXYGENATED  COMPOUNDS  ON  MATERIALS 

The  use  of  the  various  hydrogen-derived  fuels  constitutes  an 
alternative  to  the  direct  use  of  hydrogen  itself.  These  alternative 
fuels  are  grouped  as  hydrogen  carriers  and  partially  oxygenated  com- 
pounds. The  principal  hydrogen  carrier  is  ammonia,  with  hydrazine 
second  in  importance;  the  hydrogen  carriers  borane  and  silane  also  dis- 
cussed in  Volumes  1 and  2 of  this  report  are  not  considered  of  sufficient 
importance  to  justify  significant  research  effort  at  this  time.  The 
partially  oxygenated  compounds  carbon  monoxide  and  methanol  derived 
from  the  hydrogen  reduction  of  nonfossil  carbon  dioxide  are  also  con- 
sidered as  alternatives  to  hydrogen  fuels.  Program  B,  Table  IX-2 
summarizes  research,  development, and  testing  programs  considered  neces- 
sary to  support  the  use  of  these  alternative  fuels. 

The  choice  of  ammonia  as  an  alternative  fuel  poses  few  serious 
materials  problems,  with  one  important  exception:  the  stress  corrosion 

cracking  of  steels  in  liquid  ammonia,  which  now  constitutes  an  unsolved 
problem  important  to  the  transportation  of  ammonia  by  tank  truck. 


! 
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The  basic  research  proposed  under  Project  B-l(a)  and  the 
materials  testing  and  interpretation  investigations  proposed  under 
Project  B-l(b)  are  considered  of  high  priority  with  regard  to  the  trans- 
portation of  ammonia  by  pipeline  or  surface  methods.  At  the  present  time 
the  actual  extent  of  the  phenomenon  is  not  known  and  investigations  to 
determine  the  limits  of  stress  corrosion  cracking  with  respect  to  the 
3teel  composition  and  microstructure,  stress  level  and  type  of  stressing, 
and  the  type  and  concentration  of  contaminants  deliberately  or  accidentally 
present  in  the  liquid  ammonia  should  be  instituted  at  an  early  date. 

These  basic  studies  should  be  accompanied  by  long-term  delayed-failure 
and  fatigue  tests  of  presently  used  and  future  candidate  materials  for 
ammonia  pipeline  or  transportation  vessels  to  select  and  qualify 
suitable  materials  of  construction  and  to  define  safe  materials  design 
criteria.  Full-scale  testing  of  pipeline  sections  would  also  be  necessary 
before  the  safety  of  new  or  existing  pipelines  for  ammonia  transportation 
could  be  assured. 


Hydrazine  is  not, in  our  view,  likely  to  become  a major  fuel  for 
general  use.  For  most  military  uses  of  hydrazine,  adequate  materials 
information  already  exists  but  additional  compatibility  studies  are 
required  fcr  applications  involving  the  long-time  storage  of  hydrazine 
for  periods  of  up  to  ten  years.  These  investigations  are  included  in 
Project  B-3, 

Of  the  partially  oxygenated  fuels,  methanol  does  not  appear 
to  have  any  deleterious  effects  of  importance  on  materials, with  the 
exception  of  the  well-known  stress  corrosion  cracking  of  titanium  in 
methanol  environments.  The  reactions  of  carbon  monoxide  with  metals  at 
elevated  temperatures  are  well  understood  and  common  materials  of  con- 
struction are  generally  considered  to  be  inert  to  carbor*  monoxide  at 
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near- ambient  temperatures  and  pressures.  However,  some  uncertainty 
exists  regarding  the  long-term  effects  of  high-pressure  carbon 
monoxide  on  the  mechanical  properties  of  metals.  It  is  considered 
advisable  to  institute  a materials  testing  and  interpretation  project 
to  establish  whether  any  deterioration  of  the  mechanical  properties 
of  metals  occurs  under  these  conditions  in  pure  and  contaminated  carbon 
monoxide.  The  priority  accorded  to  this  program  at  the  present  time 
is  low,  although  it  may  be  advisable  to  raise  the  priority  if  the 
general  use  of  carbon  monoxide  fuel  is  projected. 

Thus,  the  most  important  materials  research  and  development 
projects  concerned  with  the  effects  of  hydrogen  carriers  and  partially 
oxygenated  compounds  on  materials  are  those  directed  towards  solving 
the  problem  of  the  stress  corrosion  cracking  of  steels  in  liquid 
ammonia.  We  believe  that  significant  support  should  be  accorded  these 
projects  at  an  early  date. 

3.  PROGRAM  C:  EFFECTS  OF  OXYGEN  (BY-PRODUCT)  ON  MATERIALS 

The  mechanical  properties  of  engineering  materials  are  normally 
measured  in  air  and  it  is  assumed  that  oxygen  environments  do  not  change 
the  property  values.  However,  this  assumption  has  not  been  adequately 
substantiated  for  long-term  exposure  to  high-pressure  oxygen  when  flaws 
or  cracks  are  present  in  the  material  or  when  it  is  subjected  to  high- 
or  low-cycle  fatigue.  A fundamental  project  to  provide  definitive 
information  on  this  point  is  therefore  suggested  as  a necessary  pre- 
liminary to  the  large-scale  use  of  oxygen  and  is  relevant  to  the  safety 
of  existing  systems.  Safety  considerations  have  also  led  us  to  recom- 
mend a study  of  ignition  hazards  in  oxygen  pipelines  containing  surface 
cracks  or  flaws  when  subjected  to  rapid  stressing,  impact,  or  fatigue. 
(Project  C-2 . ) 
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Probably  the  most  important  topic  for  study  in  connection 
with  the  large-scale  general  distribution  and  use  of  by-product  oxygen 
is  the  question  of  whether  such  distribution  is,  in  fact,  technically 
and  economically  feasible.  To  arrive  at  an  early  judgment  of  this 
question,  an  in-depth  engineering  system  study  including  hazard  analysis 
and  economic  analysis  is  considered  desirable. 

4.  PROGRAM  D:  HIGH -TEMPERATURE  MATERIALS  STUDIES 

Once  the  hydrogen  fuel  reaches  the  point  of  combustion,  we 
have  assumed  that  the  effects  of  nydrogen  itself  on  materials  are  no 
longer  of  concern.  In  some  cases,  momentary  exposure  of  materials  to 
hydrogen-containing  combustion  gases  may  exist  where  the  mixture  is 
momentarily  fuel-rich  but  we  consider  that  such  transient  situations 
can  generally  be  neglected. 

The  principal  differences  between  the  combustion  of  hydrogen 
and  of  fossil  fuels  are  the  somewhat  higher  flame  temperatures  experienced 
with  hydrogen,  the  different  combustion  conditions,  and  the  fact  that  the 
combustion  gases  have  a higher  water  content — pure  water  in  the  case  of 
hydrogen  combustion  with  oxygen.  This  last  factor  is  approached  from 
two  different  viewpoints  in  projects  D-l  and  D-2.  Project  D-l  proposes 
a fundamental  investigation  of  the  kinetics  of  reaction  of  candidate  gas 
turbine  materials  with  high  water  content  environments.  Silicon  nitride 
and  silicon  carbide  are  considered  important  materials  to  be  examined 
in  this  study  because  of  the  considerable  government  support  of  programs 
aimed  at  the  use  of  these  ceramics  in  both  large  and  small  gas  turbines. 

In  addition  to  this  basic  research  project  we  consider  it  necessary 
to  institute  an  extensive  materials  testing  and  evaluation  project  to 
determine  the  high-temperature  mechanical  and  environment  endurance 
of  present  and  future  candidate  gas  turbine  materials  in  actual 
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or  simulated  hydrogen/air  and  hydrogen/oxygen  combustion  gases.  Both  of 
these  projects  will  be  important  to  advanced  gas  turbine  design  and 
development  and  are  therefore  considered  of  high  relevance  to  the  Depart- 
ment of  Defense  and  have  been  accorded  a 1 priority.  Project  D-2 
consists  essentially  of  an  expansion  of  existing  gas  turbine  materials 
programs  to  include  the  modified  environment  due  to  the  change  of  fuel 
from  hydrocarbon  to  hydrogen. 

If  water  cooling  of  high-temperature  gas  turbine  components, 
or  components  of  oxygen/hydrogen  combustion  systems,  is  found  to  be 
feasible,  the  cooling  channels  will  be  subjected  to  high-velocity, 
high -temperature  water  which  could  produce  rapid  oxidation  or  corrosion 
due  to  the  accelerating  effect  of  erosion.  Evaluation  of  this  possibility 
is  recommended  if  water  cooling  is  adopted  for  high-temperature  components. 

5.  PROGRAM  E:  MATERIALS  FOR  SERVICE  AT  CRYOGENIC  TEMPERATURES 

Use  of  liquid  hydrogen  fuel  will  involve  the  extensive  i.se  of 
materials  and  components  at  temperatures  near  -423°F.  While  considerable 
data  exists  on  the  low-temperature  behavior  of  a wide  variety  of  materials, 
much  of  the  information  does  not  extend  to  or  below  the  boiling  point  of 
hydrogen.  An  extensive  project  of  materials  property  determination  and 
evaluation  will  be  required  to  support  engineering  design  and  development 
of  equipment  associated  with  the  use,  production,  transportation,  and 
storage  of  liquid  hydrogen.  These  investigations,  grouped  in  Project  E-l , 
will  be  of  moderate  to  high  relevance  to  DoD  and  oi  variable  priority 
according  to  the  specific  application.  Work  related  to  aircraft  liquid 
hydrogen  fuel  tanks  will  be  of  special  concern  to  DoD  and  of  high  priority. 
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Materials  development  is  recommended  in  two  separate  areas 
in  connection  with  aircraft  and  space  vehicle  liquid  hydrogen  fuel  tanks. 
In  the  first  area  (Project  E-2) , possibilities  exist  of  reducing  chill- 
down  stresses  in  tanks  and  associated  structures  by  the  development  of 
polymeric  composite  materials  with  low  thermal  conductivity  and  low  or 
zero  thermal  expansion  coefficients.  Low  thermal  expansion  coefficients 
can  be  obtained  by  the  use  of  selected  and  accurately  controlled  orienta- 
tions of  reinforcing  fibers  of  graphite  or  advanced  organic  fibers  such 
as  Kevlar  49  that  have  negative  coefficients  of  expansion.  While  these 
materials  are  likely  to  be  expensive,  the  potential  advantages  of  such 
materials  and  structures  probably  justify  significant  development  work 
of  high  priority. 

Highly  efficient  cryogenic  insulation  systems  are  of  obvious 
importance  in  the  handling  of  liquid  hydrogen.  While  significant 
advances  have  been  made  in  recent  years , there  appear  to  be  two  areas 
that  would  justify  further  materials  development  effort.  The  first  area 
is  the  development  of  improved  low-cost  insulation  systems  for  bulk  liquid 
hydrogen  storage  (Project  E-3) . For  the  second  area,  insulation  systems 
for  aircraft  and  space  vehicle  liquid  hydrogen  tanks,  continuation  and 
expansion  of  existing  projects  is  recommended.  Two  special  requirements 
exist  in  this  case.  The  first  is  for  a high  degree  of  fire  resistance, and 
the  second,  applicable  to  supersonic  and  hypersonic  aircraft,  is  that  the 
insulation  be  able  to  function  with  high  hot-face  temperatures, which  may 
in  some  instances  reach  650°F.  Materials  support  for  the  engineering 
development  of  improved  insulation  systems  for  this  application  is  con- 
sidered of  high  relevance  to  DoD  and  has  been  assigned  a high  priority. 
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6. 


PROGRAM  F:  MATERIALS  FOR  FUEL  CELLS  AND  ELECTROLYZERS 


To  allow  fuel  cells  to  realize  their  potential  for  wide  appli- 
cation in  a nonfossil  fuel  economy,  improved  materials  will  be  required 
for  ciectrocatalysts , electrode  structures,  and  electrolyte  matrices. 

At  the  present  time, it  appears  that  alkaline  hydrogen  fuel  cells 
(including  regenerative  types)  are  the  most  attractive  class  of  cells 
for  use  in  a hydrogen-based  fuel  system  and  high  priorities  in  the 
materials  research  and  development  have  therefore  been  accorded  to  programs 
associated  with  fuel  cells  of  this  type. 

Advanced  electrolyzers  based  on  fuel-cell  technology  appear 
at  the  present  time  to  have  the  best  potential  for  reducing  the  basic 
cost  of  hydrogen  fuel.  In  our  view,  the  status  of  development  of  thermo- 
chemical splitting  methods  for  the  production  of  hydrogen  is  not  yet 
sufficiently  advanced  to  permit  realistic  estimates  of  the  cost  of 
hydrogen  produced  by  this  method.  Since  the  feasibility  and  accepta- 
bility of  a nonfossil  hydrogen  economy  will  depend  to  a large  extent 
on  the  cost  of  hydrogen  in  comparison  with  the  cost  of  alternative  fuels, 
we  believe  that  the  materials-related  programs  in  support  of  advanced 
electrolyzer  development  may  constitute  the  most  important  scientific 
and  technical  effort  related  to  the  hydrogen  economy. 

Because  of  the  close  ties  between  advanced  electrolyzer  and 
advanced  fuel-cell  technology,  these  two  subjects  have  been  included 
in  a common  program.  Projects  F-l  through  F-4  are  concerned  with 
improvements  in  electrocatalysts,  a critical  area  for  improving  the 
efficiency  of  both  fuel  cells  and  electrolyzers.  Projects  F-l  and 
F-2  are  principally  directed  at  reducing  the  capital  cost  of  the  fuel 
cell  or  electrolyzer  systems  by  lowering  the  loading  of  noble  metal 
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catalysts  required  or  by  developing  nonnoble  metal  catalysts  of  high 
activity  and  durability.  Special  purpose  electrocatalysts  included  in 
Project  F-4  are  generally  accorded  lower  priorities.  Project  F-3  is 
concerned  with  work  of  general  application  of  both  a fundamental  and 
empirical  nature.  Fundamental  studies  of  electrocatalysts  are  required 
to  provide  a scientific  basis  for  electrocatalyst  development.  In 
this  connection  it  should  be  pointed  out  that  electrocatalyst  behavior 
and  the  mechanisms  of  the  electrocatalytic  process  differ  markedly 
from  those  for  general  chemical  process  catalysis. 

Problems  associated  with  electrode  materials  and  electrode 
structures  and  with  the  matrix  or  diaphragm  materials  are  the  subject  of 
the  investigations  listed  in  Projects  F-5  and  F-6.  The  highest  priority 
in  these  two  projects  is  accorded  to  efforts  to  increase  the  operating 
temperature  of  alkaline  fuel  cells  and  alkaline  electrolyzer  systems, 
since  in  both  cases  higher  temperature  operation  would  result  in 
increased  efficiency. 

Project  F-7  involves  additional  basic  materials  research 
and  materials  development  studies  associated  with  the  ionic  behavior 
of  solids.  Project  F-7(a)  is  directed  at  uncovering  inorganic  solids 
that  have  good  ionic  conducting  properties  at  moderate  temperatures. 

A significant  breakthrough  in  this  area  could  result  in  a reduced  operating 
temperature  for  inorganic  solid  electrolyte  fuel  cells  and  electrolyzers, 
and  by  so  doing,  increase  their  efficiency  and  reduce  the  general 
materials  problems  of  high-temperature  operation.  Research  concerned 
with  ion -conducting  behavior  in  solid  polymeric  materials  could  make 
important  contributions  to  increasing  the  efficiency  and  reducing  the 
cost  of  the  attractive  solid  polymer  electrolyte  electrolyzer  systems. 

Among  the  general  materials  problems  associated  with  the  construction 
of  fuel  cells  and  electrolyzers,  the  most  important  is  concerned  with 
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the  frame  materials  for  alkaline  electrolyzers.  The  presently  used 
material,  polysulphone  is  limited  to  150°C  operation.  If  higher  tempera- 
ture operation  is  to  be  obtained,  improvements  in  the  frame  materials 
must  accompany  other  advances  in  the  technology. 

The  materials  research  and  development  associated  with  fuel 
cells  and  electrolyzers  generally  is  of  such  a nature  that  it  must  be 
conducted  in  close  collaboration  with  the  electrochemical  and  engineering 
research  and  development  activities.  We  suggest  this  consideration 
should  be  borne  in  mind  in  the  planning  and  funding  of  materials  research, 
development , and  testing  programs  associated  with  fuel  cell  and 
electrolyzer  development . 

7.  PROGRAM  G:  MATERIALS  FOR  HIGH  ENERGY  D.  SITY  BATTERIES 

High  energy  density  batteries  are  generally  a topic  of  high 
or  moderate  relevance  to  the  Department  of  Defense  since  portable  power 
supplies  are  an  essential  requirement  in  almost  all  defense  systems. 

Our  review  of  this  area  clearly  indicates  that  materials  problems 
encountered  in  the  development  of  a battery  system  are  highly  specific 
to  the  particular  combination  of  electrodes  and  electrolyte  involved 
in  that  system.  Solutions  developed  to  materials  problems  for  one 
battery  system  are  unlikely  to  apply  to  other  systems  because  of  the 
different  environmental  compatibility  requirements.  As  a consequence, 
we  believe  that  the  materials  research  and  development  projects  included 
under  Program  G should  be  undertaken  as  an  integral  part  of  battery 
development  programs  rather  than  as  independent,  materials-oriented 
studies.  A possible  exception  to  this  generalization  is  Project  G-2, 
in  which  studies  of  the  ion-conducting  behavior  of  solids  are  proposed. 
This  work  bears  a close  relationship  to  similar  topics  proposed  in 
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Program  F (Materials  for  Fuel  Cells  and  Electrolyzers)  ai:d  some  combina- 
tion of  the  research  effort  in  these  topics  would  be  possible  and 
advantageous. 

8.  PROGRAM  H:  CATALYSTS  (EXCLUDING  ELECTROCATALYSTS) 

Three  projects  have  been  identified  in  the  area  of  catalysis. 

The  first  of  these  relates  to  a specific  DoD  requirement  for  very  long 
life  catalysts  for  the  catalytic  decomposition  of  hydrazine  within 
small  monopropellant  rocket  engines. 

The  second  group  of  catalyst  research  and  development  studies 
is  associated  with  the  catalytic  combustion  of  new  fuels  (Project  H-2) . 
Catalytic  combustion  offers  a highly  efficient  low-temperature  heat 
source  for  space  and  water  heating.  Moderate  priority  is  accorded  to  work 
associated  with  fundamental  and  developmental  studies  of  the  catalytic 
combustion  of  hydrogen,  while  relatively  low  priorities  are  given  to 
the  catalytic  combustion  of  ammonia  or  other  alternative  new  fuels. 

The  third  project  in  this  program  is  related  to  the  possible  use 
of  methanol  or  carbon  monoxide  as  alternative  new  fuels.  In  either 
case, the  production  of  carbon  monoxide  by  the  hydrogen  reduction  of 
nonfossil  carbon  dioxide  is  necessary  and  is  accomplished  by  the 
reversed  shift  reaction.  Although  this  reaction  is  well  known,  it 
has  not  been  of  commercial  significance  as  has  the  forward  shift  reac- 
tion, which  results  in  the  formation  of  hydrogen  from  carbon  monoxide 
and  water.  If  carbon  monoxide  and/or  methanol  become  adopted  as  general 
purpose  fuels,  the  development  of  catalysts  to  improve  process  efficiencies 
will  be  highly  desirable.  A low  priority  is  accorded  to  this  project 
in  relation  to  the  production  of  carbon  monoxide  (and  not  methanol)  as 
a general  fuel,  while  a higher  priority  is  associated  with  the  production 
of  methanol,  which  we  regard  as  a more  likely  fuel,  particularly  for 
vehicle  use. 
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9.  PROGRAM  J:  MISCELLANEOUS  MATERIALS  DEVELOPMENT  AND 

FABRICATION 

In  this  program  we  have  collected  various  materials  develop- 
ment and  fabrication  projects  not  covered  (or  not  covered  completely)  in 
other  programs. 

Because  of  its  important  relation  to  advanced  gas  turbines 
systems  and  rocket  engine  development,  Project  J-l, consisting  of 
materials  support  for  the  development  of  advanced  cooling  systems, is 
accorded  a high  priority  and  is  considered  highly  relevant  to  DoD. 

Project  J-2,  the  development  of  fiber- reinforced  cement  and 
concretes, is  a project  of  wide  general  applicability.  These  materials 
may  offer  a significant  alternative  to  large-scale  steel  construction 
for  pressure  vessels  and  storage  tanks. 

Vented-lining  construction  of  high-pressure  process  vessels 
for  hydrogen  service  has  been  adopted  in  the  process  industry  to 
provide  protection  for  the  steel  pressure  shell  by  the  use  of  a thin 
hydrogen-resistant  lining  material.  This  type  of  construction  is  too 
expensive  for  general  use  but  it  is  possible  that  low-cost  manufacturing 
and  assembly  methods  for  such  items  as  line  pipe  and  plate  for  storage 
tanks  might  be  feasible.  Project  J-3  is  therefore  suggested  as  an 
exploratory  manufacturing  development  study  program  that  could  make  possible 
the  use  of  highly  efficient  high-strength  steel  structures  in  hydrogen 
environments. 

Project  J-4  includes  three  deve  opment  studies  related  to 
the  use  of  fiber-reinforced  composites  for  a variety  of  large  and 
small  pipe  and  tankage  applications.  Project  J-4(c) , also  listed 
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in  Program  E,  is  accorded  the  highest  priority  in  view  of  its  relevance 
to  DoD  in  relation  to  aircraft  and  space  vehicle  liquid  hydrogen  fuel 
tanks. 


Project  J-5  is  a small  project  of  significance  with  regard  to 
moving  components  operating  in  hydrogen  environments  and  is  particularly 
related  to  hydrogen  compressors  and  hydrogen  pumps.  The  relatively 
low  priority  accorded  this  project  could  be  increased  if  engineering 
experience  indicates  a higher  level  of  need. 

10.  PROGRAM  K:  TECHNOECONOMIC  AND  ENGINEERING  FEASIBILITY  AND 

EVALUATION  STUDIES 

In  the  performance  of  this  study,  we  have  uncovered  three 
areas  in  which  we  feel  necessary  policy  or  strategy  judgments  require 
extensive  technosconomic  or  engineering  feasibility  and  evaluation 
studies  and  analyses.  The  first  of  these,  accorded  the  highest  priority, 
relates  to  the  production  of  hydrogen  by  electrolytic  methods  and  to  the 
large-scale  use  of  fuel  cells.  The  large-scale  manufacture  of  these 
types  of  equipment  will  introduce  new  requirements  for  specialty  polymers 
and  ceramics,  and  noble  and  nonnoble  electrocatalysts.  Of  particular 
concern  is  the  possible  need  for  vast  quantities  of  platinum,  far  in 
excess  of  current  usage  or  production.  Questions  of  materials  availa- 
bility are  likely  to  oe  critical  in  policy  decisions  relating  to  com- 
peting fuel  cell  and  electrolyzer  technologies  and  to  general  defense 
materials  requirements.  Project  K-l  is  therefore  considered  highly 
relevant  to  DoD  and  has  been  accorded  a priority  of  1. 

\ 

The  second  project  suggested  relates  to  the  use  of  by-product 
oxygen.  A critical  element  in  judgments  as  to  the  desirability  of 
distributing  and  using  the  oxygen  produced  as  a by-product  of  hydrogen 
production  processes  as  compared  with  venting  it  and  burning  the  hydrogen 
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fuel  with  air  will  be  the  feasibility  and  cost  of  the  general  trans- 
mission and  distribution  of  by-product  oxygen.  Project  K-2  is  therefore 
regarded  as  a necessary  preliminary  step  before  significant  funding  is 
committed  to  development  or  engineering  expenditures  in  this  area. 
Project  K-3  is  more  specific  in  nature  and  proposes  a cost/benefit 
analysis  of  hydride  systems  compared  with  liquid  and  gaseous  hydrogen 
storage  for  various  applications,  including  peak  shaving  and  vehicle 
uses.  It  is  considered  that  adequate  in-depth  comparisons  have  not  been 
made  in  this  area  and  are  needed  before  a definitive  judgment  as  to  the 
economic  viability  of  hydride  storage  systems  can  be  made. 
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IX-B. 


MATERIALS  REQUIREMENTS  FOR  ADVANCED  ENERGY  SYSTEMS— 
NEW  FUELS;  SUMMARY  AND  OVERVIEW 


SSSS 


This  study  sought  to  identify  materia] s-critical  aspects  of 
the  use,  production,  transportation,  and  storage  of  new  fuels  derived 
from  nonfossil  sources.  Hydrogen  was  the  principal  new  fuel  studied; 
hydrogen-derived  fuels  considered  were  ammonia,  hydrazine,  boranes, 
silanes,  carbon  monoxide,  and  methyl  alcohol.  The  materials  implica- 
tions of  the  use,  transportation,  and  storage  of  oxygen  (produced  as  a 
by-product  in  hydrogen  generation)  and  of  the  use  of  active  metals  in 
batteries  were  also  examined  during  the  study.  Previous  volumes  of 
this  report  are  concerned  with: 


Volume  1:  Interactions  of  Materials  with  New  Fuels 


Volume  2:  Materials  Aspects  of  the  Use,  Production, 

Transportation,  and  Storage  of  Now  Fuels 

In  this  volume  (Volume  3) , the  results  of  the  study  have  been  correlated 
and  analyzed  in  Section  VIII,  while  Section  IX  provides  a listing  of 
ten  major  research  development  and  testing  pro^ran  areas  within  each  of 
which  specific  projects  are  described.  The  relevance  of  these  projects 
to  DoD  is  noted  and  a judgment  is  given  of  their  relative  priorities  in 
the  context  of  the  problem  area  to  which  they  are  related. 

Of  the  four  program  areas — use,  production,  transportation, 
and  storage — the  materials  requirements  related  to  hydrogen  production 
are  probably  the  most  important,  since  the  viability  of  a hydrogen  fuel 
economy  depends  above  all  on  our  ability  to  produce  hydrogen  with  the 
most  efficient  use  of  energy  tnd  at  the  lowest  possible  cost.  At  the 
present,  time,  the  production  of  hydrogen  by  the  thermochemical  splitting 
oi  water  is  it  a sufficiently  advanced  stage  to  permit  any 
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| clear  assessment  of  its  competitive  states.  It  is  therefore  considered 

| that  the  electrolysis  of  water  is  the  most  likely  route  by  which  hydrogen 

| can  be  produced  in  the  quantities  required , and  it  is  in  this  area  that 

| we  believe  a major  research  and  development  effort  should  be  concentrated. 

| The  efficiency  of  electrolyzer  systems  is  highly  dependent  on  advances 

§ 

| in  electrocatalyst  materials,  materials  for  electrode  structures  and 

I electrolyte  matrices,  and  electrolyte  materials. 

| 

i 


The  second  question  of  key  importance  to  the  implementation 
of  a hydrogen  economy  is  whether  hydrogen  can  be  transported  safely  and 
economically  in  pipelines  constructed  of  low-cost,  readily  available 
materials.  This  judgment  will  depend  on  definitive  technical  information 
that  does  not  now  exist.  An  extensive  program  of  materials  testing  and 
research  should  therefore  be  implemented  at  an  early  date  on  a scale 
sufficient  to  ensure  that  the  necessary  information  is  available  when 
needed. 

The  use  of  hydrogen  as  a fuel  in  a wide  variety  of  equipment 
does  not  appear  to  pose  any  insurmountable  obstacles,  although  extensive 
materials  research,  development,  and  testing  programs  will  be  required 
to  ensure  maximum  safety,  reliability,  and  efficiency  in  hydrogen-using 
equipment,  it  is  in  the  area  of  use  that  materials  projects  of  highest 
relevance  to  DoD  are  found.  Problem  areas  of  particular  importance  to 
DoD  requiring  materials  support  include  the  use  cf  hydrogen  as  an 
aircraft  fuel,  the  further  development  of  fuel  cells  for  the  direct  con- 
version of  hydrogen  fuel  to  electrical  energy,  and  the  use  of  active 
metals  in  high  energy  density  batteiies. 


Materials  problems  related  to  the  storage  of  hydrogen  and  of 
the  other  new  iuels  do  not  appear  to  be  a pacing  factor.  In  this  area, 
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items  of  highest  relevance  to  DoD  are  concerned  with  the  on-board  storage 
of  liquid -hydrogen  fuels  in  aircraft. 

Among  the  alternative  fuels,  ammonia  poses  some  problems  in  the 
area  of  transportation  and  storage  that  require  materials  research  and 
testing.  The  economic  production  of  methanol  from  nonfossil  sources 
may  present  difficulties  but  this  fuel  appears  otherwise  attractive, 
particularly  for  vehicle  use  and  presents  no  major  materials  problems. 

In  conclusion,  we  are  confident  that  the  materials  requirements 
for  advanced  energy  systems  based  on  new  fuels  can  be  satisfied  by  a 
program  of  materials  research,  development , and  testing  of  the  type  out- 
lined in  tabular  form  in  this  section  of  the  report,  coupled  with  the 
diligent  and  careful  use  of  existing  materials  information. 
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Table  IX-1 


PROGRAM  A : EFFECTS  OF  ON’  MATERIALS 


Degradation  of  Mechanical  Properties  of  Aerospace 
Structural  Materials  In  Hydrogen  Environments; 

-423“F  to  300°r 

Properties:'  tensile,  notched  tensile,  high-  and 
low-cycle  fatigue,  fracture  toughness,  crack 
growth,  delayed  failure. 

Materials:  Al- alloys,  stainless  steels,  nickel- 

and  cobalt-base  alloys,  brazing  alloys, Tl- 
alloys,  advanced  composites,  polymers,  rein- 
forced plastics. 

Variables : temperature.  H2  pressure,  contaminants,  j 

exposure  time,  strain  rate,  stress  level,  stress  i 

Intensity,  material  composition  and  microstructure. j 
welds. 


Act  1 vi ty 
Type 


Materials  testing 
and  intei pretat ion . 


Fuel  | Problem  Area 


Fuel  supply  and  heat 
exchanger,  gasil  ler 
for  all  types  ol  1L,- 
bu  rinng  gas  tut  bines, 
hypersonic  aircraft 
and  rocket  engines. 

Hj  expansion  turbines 
for  aircraft  and 
rocket  fuel  pumps, 

H.,- cooled  turbine 

components. 

Stirling  Cy  c 1 e 

engines, 

Compressor  com- 
ponents.  

Pressure  vessels. 


Aircraft  and  space 
vehicle  fuel  tanks, 
air  tanker. 


1.2.1 

1.3.1 

1.4.1 

2.1.1 


1.2.6  Mod 

6.3.1  Mod 

1.1.1  Low 

3.1.1 

2.2.1 

2,3. 1 

| 1.6.2  *"  Ilig 

j 6.1.1  : 


Degradation  of  Mechanical  Properties  of  Aerospace 
i Structural  Matertals  In  hydrogen  Environments; 

300s F to  1500°F  iVith  Extension  to  Higher  Tempera- 
tures if  Required.. 

Properties:  tensi‘e,  notched  tensile,  high-  and 

low-cycle  fatigue,  fracture  toughness  (whore 
appltcable)  crack  growth,  delayed  lailure, 
c reep . 

Materials : Al-alloys,  stainless  steels,  nickel- 

and  cobalt-base  alloys,  Cballoys,  brazing 
alloys,  Tl-alloys,  Si3X4>  SIC,  advanced  compo- 
sites, polymers. 

Variables : temperature,  ll5  pressuie,  contaminants, 
exposure  time,  strain  rate,  stress  level, 
stress  intensity,  material  composition  and 
microatructure,  wolds. 


Materials  testing 
and  interpretation. 


Fuel  supply  ami  heat  j 
exchanger,'  gasi  1 ier  ' 

for  all  typos  of  IL-  j 
burning  gas  turbines, 
hypersonic  aircraft. 

and  rocket  engines. 

IL,  expansion  turbines 
for  aircraft  am! 
rocket  fuel  pumps. 

S 1 1 rl i ng  eye  1 e j 
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Table  XX-1 


PROGRAM  A:  EFFECTS  OF  H^  ON  MATERIA13 


I Reference  to 


Relates  to: 


Section  VIII 


Fuel  I Problem  Area 


Table  Relevance 

No.  Item  No.  to  Dot)  Priority 


Fuel  supply  and  boat 
exchanger/ ttasii  ler 
for  all  types  of  In- 
huming gas  turbines, 
hypersonic  aircraft 
and  rockrt  engines, 

Hj  expansion  turbines 
for  aircraft  and 
rocket  fuel  pumps. 

Il2- cooled  turbine 

components. 

Stirling  Cycle 

engines. 

Compressor  com- 
ponents^  

Pressure  vessels. 


Aircraft  and  space 
vehicle  fuel  tanks, 
air  tanker. 


Fuel  supply  and  heat 
exchangor/gas 1 f ier 
for  all  types  of  in- 
burning gas  turbines, 
hyporsor.ic  aircraft, 
and  rocket  engines. 

H-  expansion  turbines 
for  aircraft  and 

rocket  fuel  pumps. 

Stirling  cycle 
engines. 


1.2.1  High 

1.3.1 

1.1.1 
2.1.1 


Continuation  and  extension  of  existing  programs.  See  Vol.  1 
Section  III  for  rev-iea  of  current  status,  and  Vol.  2,  Tables 
1V-2,  IV-3.  Priority  1 for  hypersonic  aircraft, 
space  vehicles:  priority  2 for  Hs- burning  supersonic  and 
subsonic  aircraft. 


1.3.1  i High 


1.2.6  Moderate 


Necessary  data  for  safe  engine  operation.  Priority  1 for 
rocket  engine  fuel  pump  drive  turbines.  Priority  3 for  Hj 

expansion  airerait  engines. 

Long-term  engine  development. 


Moderate  Uncertain  Depends  on  DoD  vehicle  and  small  engine  policy.  High 

1 nd list ry  interest. 

Low  5 Likely  to  be  industry  activity,  but  may  become  of  higher  DoD 

relevance  and  priority  If  energy  depot  concepts  pursued. 


! Needed  to  establish  safety  standards. 


Priority  1 for  hypersonic  aircraft,  space  vehicles; 
priority  2 for  Hj-burnlng  supersonic  and  subsonic  aircraft 


j engines. 


Priority  1 for  hypersonic  aircraft,  space  vehicles; 
priority  2 for  Hj-burnlng  supersonic  and  subsonic  aircraft 


engines. 


High  1,  3 Necessary  data  for  sale  eug.-ie  operation.  Priority  1 for 

rocket  engine  fuc!  pump  drive  lurbines,  priority  3 for  H2 

expansion  aircraft  engines. 

Moderave  Uncertain  Relevance  and  priority  depend  on  DoD  vehicle  and  small 
engine  policy.  High  industry  interest. 
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Table  IX-1  (Continued) 
PROGFAil  A:  EFFECTS  01  R,  ON  MATERIAL. 


Reference  to 

Relates  to: 

Section  VIII 

Proj set 

Activity 

Table 

R 

Vo. 

Project  Description 

Type 

Fuel 

Problem  Area 

No. 

Item  N’o . 

m 

Hydro(,sn  tn\  , on'ce.it  Eifects  on  General  Englneo, .ng 

Materials  testing 

«a 

Fuel  supply  systems 

1 

i.i.i 

M 

■j 

liatonalu,  -oO'v  to  -160°F  with  extension  to  higher 

and  interpretation. 

for  industrial  com- 

5.1.1 

I 

temperatures  for  some  applications. 

Properties:  tensile,  notched  tensile,  high-  and 

mercial,  and  residen- 
tial equipment,  I.C. 

6.1.1 

6.2.1 

iow-e\cle  latigue,  fracture  toughness,  crack 

and  E.C.  engines. 

7.1.1 

gn-vth,  delayed  failure. 

Process  and  ancillary 

2 

2.5.2 

Lo 

Materials:  low- and  medium-strength  steels,  plast  ics , 

equipment . 

3.1.1 

reinforced  plastics,  fiber-reinforced  cements. 

4.1.1 

Variables:  temperature, H,  pressure,  contaminants. 

5.1.1 

exposure  time,  strain  rate,  stress  level. 

5.1.3 

stress  intensity,  material  composition  and 

5.1.4 

microstructure,  welds. 

4 

3.5.2 

h2 

Materials  of  existing 
pipelines. 

3 

jhhii 

Im 

mm 

Steels  for  new  pipe- 
lines. 

3 

H 

Ini 

3 

Candidate  nonmetallic 
pipeline  materials. 

3 

HB 

In. 

h2 

Hydride  containers. 

3 

4.8.1 

Mo. 

>>2 

Large  and  small  pres- 

3 

HOI 

Moi 

sure  vessels  (metal). 

4 

ESI 

h2 

Large  and  small  pres- 

Moi 

sure  vessels  and 
tanks  (reinforced 
plastics) . 

1 

m 

m 

Hydrogen  Permeability  Studios: 

Materials  research 

Ha 

(a)  Stirling  cycle 

■ 

6.3.2 

Mot 

■ 

(a)  Of  high  temperature  alloys  and  permeation- 

and  development. 

engines. 

■ 

6.3.3 

■ I 

resistant  coatings  up  to  1500°F  and  5000  psl. 

■ I 

(b)  Of  coatings  of  Cd,  Pb,  Sn,  glasses  etc.  at 

Ha 

(b)  Transportation 

3 

2.1.3 

Lot 

■ 

-60°F  to  -160°F  and  1000  to  3000-psi  !I2  . 

and  storage  of 
»a  Ras. 

4 

2.1.3 

A-6 

Role  of  Surfaces  In  Adsorption  and  Dissociation  of 

Fundamental 

Hj 

Use  of  H.»  in  existing 

3 

n 

Lo’ 

Hyd  rogen . 

research. 

pipelines. 

Study  of  the  effects  of  surface  oxides,  sulphides 
and  other  comtaminar.t  films  on  the  mechanisms  of 
hydrogen  entry  into  metals. 

i 

■ 

XX-26 


Table  IX-1  (Continued) 


I 

I PROGRAM  A:  EFFECTS  01  H-,  ON  MATERIALS 

h- 

I 


mm 

Relates  to; 

Reference  to 
Section  VIII 

Fuel 

Problem  Area 

Eli 

Item  No. 

Relevance 
to  DoD 

Priority 

Remarks 

F 

g 

^lals  testing 

«a 

Fuel  supply  systems 

i 

l.i.i 

Moderate 

4 

Adequate  materials  can  probably  be  selected  for  most  case: 

Interpretation. 

for  industrial  com- 
mercial, and  residen- 

5.1.1 

6.1.1 

on  the  basis  of  available  knowledge. 

tlal  equipment,  I.C. 

6.2.1 

£ 

and  E.C.  engines. 

7.1.1 

& 

«a 

Process  and  ancillary 

2 

2.5.2 

Low 

3 

Materials  for  some  process  equipment  may  require  testing 

equipment . 

3.1.1 

at  temperatures  above  160°F  or  below  -60“F.  In  most  case: 

4.1.1 

adequate  materials  can  be  selected  on  the  bases  of  vailal 

ST 

5.1.1 

knowledge. 

& 

g* 

4 

5.1.3 

5.1.4 
3.5.2 

rt 

H2 

3 

1.1.1 

Indirect 

1 

Indirectly  relevant  to  DoD,  but  very  important  to  the 

I 

*fi P p 

general  introduction  of  H,  fuel  system. 

| 

H, 

3 

BB 

Indirect 

1 

Indirectly  relevent  to  DoD,  but  very  Important  to  the 

If  "'’I  " 

■ 

general  introduction  of  IL,  fuel  system. 

I 

I 

Ha 

Candidate  nonmetallic 
pipeline  materials. 

3 

■ 

Indirect 

4 

Long-term  pipeline  development. 

E9 

Hydride  containers. 

3 

4.8.1 

Moderate 

4 

Adequate  materials  can  probably  be  selected  on  the  basis 

t 

M 

of  available  knowledge. 

1 

TT 

Large  and  small  pres- 

3 

MSBM 

Moderate 

2 

Higher  strength  materials  will  need  careful  screening  for 

I 

sure  vessels  (metal). 

4 

ksh 

use  at  high  pressures.  Needed  to  establish  safety 

| 

standards. 

i 

Large  and  small  pros- 

KB 

2.3.1 

Moderate 

mmm 

Priority  2 lor  small  high-pressure  containers  for  DoD  nee< 

i 

sure  vessels  and 

» 

4.1.1 

1 

(will  be  relevant  to  other  gases).  Priority  4 for  large 

1 

tanks  (reinforced 

industrial  vessels.  Latter  will  probably  be  done  by 

= 

plastics) . 

i ■ 

industry. 

i- 

ills  research 

«a 

(a)  Stirling  cycle 

m 

6.3.2 

Moderate 

Uncertain 

Depends  on  DoD  vehicle  and  small  engine  policy.  High 

hrelopment . 

engines. 

6.3.3 

industry  interest. 

£. 

(b)  Transportation 

3 

2.1.3 

Low 

4 

Exploratory  study  only.  If  successful, study  should  be 

| 

R 

and  storago  of 
H,  gas. 

4 

2.1.3 

expanded  and  priority  raised. 

»a 

Use  of  Hj,  in  existing 

3 

n 

Low 

i 

Previous  studies  of  H2  entry  into  metuls  have  used  clean 

gcb. 

pipelines. 

| 

(or  nominally  clean)  surfaces.  In  order  to  obtain  results 

i 

1 

relevant  to  practical  systems,  it  is  necessary  to  obtain 

I 

an  understanding  of  the  effects  of  surface  films  on  Hj 

1 

I 

adsorption,  dissociation  and  absorption.  This  work  is 

1 

M 

particularly  applicable  to  the  use  of  H.  in  existing  pipe- 

i 

■ 

lines  but  would  obviously  have  wide  general  applicability 
and  importance. 

Table  IX-1  (Concluded) 


PROGRAM  A : EFFECTS  op  ON  MATERIALS 


Project 

No. 


Project  Description 


Activi ty 
Type 


Relates  to: 


Reference  to 
Section  VIII 


Fuel 


Problem  Area 


Eable 
o. 


Item  No. 


Rc 


iA-6 


A -7 


Metal  Hydride  Studies 

(a)  Studies  of  H2  adsorption  and  desorption  kinetics 
for  candidate  new  alloying  systems  and  modifica- 
tions existing  systems. 

(b)  Studies  of  cycle  life  of  H2  storage  beds  as  a 
function  of:  rates  and  depth  of  discharge; 
design,  structure  and  condition  of  bed;  con- 
taminants in  the  H, . 


Materials  research 
and  development . 


«* 


Medium-scale  and 
small-scale  storage 
of  H2. 


full-Scale  Testing  of  Pipes  with  Hydrogen 

(a)  Sections  of  new  and  used  pipes  (including  girth 
welds),  typical  of  existing  pipelines,  API  5LX 
Grades  42  to  70, pressurized  with  pure  and  con- 
taminated H2  at  temperatures  and  pressures  (both 
steady  and  fluctuating)  corresponding  to  the  most 
severe  service  or  line-test  conditions.  Detailed 
examination  and  comparison  of  pipe  and  weld 
materials  before  and  after  H2  exposure. 

(b)  Extension  of  test  series  to  candidate  new  high 
strength  pipe  materials. 


Full-scale  mater- 
ials engineering 
testing  and  inter- 
pretation. 


(a)  Safety  of  pipe- 
line transpor- 
tation of 
in  existing 
pipelines. 


H„ 


(b)  Specification  of 
new  pipelines  for 
H,  use. 


A -8 


General  Materials  Support  to  Engineering  Develop- 
ment ind  Component  Testing  Programs. 

Testing  of  equipment , components, required  to  operate 
in  H2  environments  under  actual  or  simulated  con- 
ditions corresponding  to  most  severe  service. 
Examination  of  exposed  and  failed  components. 
Materials  selection  and  consultation.  Specialized 
materials  development  programs. 


Materials  testing 
and  evaluation; 
special  materials 
development . 


Fuel  supply  systems. 


Other  Hj  using 
equipment. 


Process  equipment. 


"a 

Transportation 

systems. 

Storage  systems. 

7.1.3 

7.1.4 

7.1.5 

7.1.6 


1.1.2 


2.1.1 


1.1  2 

1.2.1 

1.3.1 

2.1.1 

3.1.1 

4.1.1 

5.1.1 

5.2.1 

5.2.2 
6.1.1 
6.2.1 

7.1.1 

7.3.1 

8.11.2 


1.3.1 

2.1.1 

3.1.1 

6.3.1 


2.3.2 

2.5.2 

3.1.1 

4.1.1 

5.1.1 
5.1.4 


2.2,1 

4.7.1 

4.8.13 


1.2.1 

3.5.1 

3.5.2 

5.1.1 

7.1.1 

7.1.2 


Me 


In 


In 


Va 


Va! 


Va 


Va 


Va 
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Table  IX- 1 (Concluded) 


» 


PROGRAM  A s EFFECTS  Of  H,  ON  MATERIALS 


■ 

Relates  to-. 

BBSS! 

Priority 

Remarks 

Fuel 

Problem  Area 

Table 

No. 

Item  No. 

tls  research 
(•lopment . 

&■ 

£ 

Hi 

Medium-scale  and 
small-scale  storage 
of  Hj  . 

4 

1 

Moderate 

2 

Applicable  to  utility  peak  shaving  requirements  and  the 
on-board  storage  of  H2  for  vehicles.  Continuation  and 
extension  of  existing  programs.  Level  of  effort  should 
depend  on  outcome  of  techaoeconomic  and  prototype  studies 
(items  7.1.1  and  7.1.2  .n  Table  V1II-4). 

itie  mater- 
gineering 
Send  lnter- 
bn. 

£ 

& 

; 

i 

% 

1 

(a)  Safety  of  pipe- 
line transpor- 
tation of  Hj 
in  existing 
pipelines. 

3 

1.1.2 

Iixdi  rect 

1 

r 

Full-scale  pipe  testing  under  practical  operating  con- 
ditions is  needed  in  addition  to  materials  testing 
(Project  A-3)  determine  safety  of  existing  pipelines 
for  use  with  H, . 

3 

2.1.1 

. 

Indirect 

1 

Required  xf  new  pipelines  are  to  be  qualified  foi  »2  use. 

k 

~ 

Is  testing 
Illation; 
ixmterials 
pint . 

f 

El 

fe- 

| 

£ 

| 

| 

k 

f 

jr 

£ 

£* 

6^ 

| 

S' 

£ 

iU 

Fuel  supp±v  systems. 

1 

1.1.2 

1.2.1 

1.3.1 

2.1.1 

3.1.1 

4.1.1 

3.1.1 

5.2.1 

5.2.2 
6.1.1 
6 .-3.1 

7.1.1 

7.3.1 
8.1i  .2 

Variable 

Variable 

In  ail  programs  concerned  with  the  development  of  engi- 
neering or  manufacturing  systems  using,  producing,  trans- 
poctung,  or  storing  hydrogen,  it  is  imperative  that  ade- 
quate materials  expertise  is  available  to  and  used  by  the 
enpaaieenng  staff  In  order  to  ensure  that  costly  errors  In 
materials  sell  ction  anc  use  will  not  imperil  the  safety 
or  reliability  of  the  equipment. 

«2 

Other  Hj  using 
equipment. 

1 

1.3.1 

2.1.1 

3.1.1 

6.3.1 

Variable 

Variable 

As  above. 

i 

1I2 

Process  equipment. 

2 

2.3.2 

2.5.2 

3.1.1 

4.1.1 

5.1.1 
5.1.4 

Variable 

Variable 

As  above. 

»i 

Transportation 
systems . 

3 

2.2.1 

4.7.1 

4.8.13 

Variable 

Variable 

As  above. 

Ha 

u 

Storage  systems. 

i 

1.2.1 

3.3.1 

3.5.2 

5.1.1 

7.1.1 

7.1.2 

Variable 

As  above. 
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Table  IX-2 


PROGRAM  B:  EFFECTS  OF  HYDROGEN  CARRIERS  FARTML&Y  OXYGENATED  COMP 


presently  used  and  candidate  materials  for  NH3 
pipelines,  storage  tanks  and  fuel  suppl\  systems 
as  a 1 unction  of  contaminants;  steel  type  compo- 
sition and  heat  treatment;  stress  level;  stress 


aiv*  , interpret a- 
t vou . 


— 

Reference  to 
Section  y II 1 

Project ■ 

Act lvi ty 

heist os  tot 

^Table 

iid. 

No.  ] 

Project  Description 

Type 

Fuel 

Problem  Area 

So 

Item  No 

u 

i 

1 

B-i  i 

St "ess  Corrosion  Cracking  of  Steels  m Liquid  Ammonia. 

— 

1 

(a) 

Establish  the  limits  of  the  phenomenon  wich  respect 
to  steel  composition  and  nucrost ructure ; stress 
level  and  type  of  stressing;-  contaminant  type  a*id 
concent rat  ion. 

fcasic  research. 

Nil, 

Fuel  supply  systems 
(or  Nil, -fueled 
equipment . 

1 

1.5  1 

ln< 

tb) 

Long-term  delayed  fatigue  and  fatigue  tests  ol 

Materials  testing 

xh3 

MI,  i ran  -t>o : tat  ion 

3 

; .2.1 

Un< 

1.2.3 
2 3.1 
& 2 1 
4.2.2 


! 

! 

intensity;  temperature;  NH3  pressure. 

, NR  3 

1 

1 

j 

storage. 

o 

~ 

4 

5 1 5 

3.6.2 

3.6.3 

Ln< 

11-2 

t 

\ lull-Scale  Testing  of  Pipes  with  Liquid  Ammonia 

j 

1 

r 

| (a) 

Testing  of  section^  of  new  and  used  pipe  including 

iuli-scalu 

X)i3 

i fa) 

Safety  of  pipe- 

3 

1.2.2 

Lov 

girth  welds,  API  5LX  Giades  42  to  70,  pressu i" 

.-atenals  eng;  - 

1 

line  transports- 

1 

with  pure  and  contaminated  NH3  at  temperatures  and 

■leering  testing 

1 

tion  of  liquid 

1 

pressures  (both  steady  and  fluctuating)  cot  re- 

and  .^nter>reta- 

i 

,NH3  in  existing 

sponding  to  the  most  severe  service  or  me- 

lion 

| 

1 

pipelines. 

test  conditions. 

Nil, 

' (b. 

Specification  of 

3 

2-3.1 

(b) 

Extension  of  test  series  to  candidate  new  nigh 

pipe' ines,  trans- 

4.2.2 

UTSS. 

strength  pipe  materials;  and  transportation  or 

1 

portation  and 

4 

3.6.3 

storage  tank  materials. 

storage  tanks  for 

i 

liquid-NH,  use. 

B-3 

Hydrazine  Compatibility  Studies. 

Development  and  testing  cf  highly  inert  materials  or 

latcrials  -evelop- 

, -S'', 

_on 

, te  rm  -^rage 

4 

5,3.1 

Mod 

, coatings  for  storage  of  hydrazine  lor  periods  up  to 

ment  and  testing 

1 

hjd ratine 

to 

10  years.  Long-term  compatibility  of  elastomeric 
materials  for  seals,  expulsion  bladders,  diaphragms 
and  hoses. 


chemical 
design . 


• ud’.os , 


B-4  j Caroon  Monoxide/Metal  Interactions  at  High  Pressures. 

; Tensi lc, notched  tensile,  and  fatigue  tests  of  new  and 
| used  pipeline  steels  after  long-term  exposure  to  high- 
. pressure  pure  and  contaminated  CO  to  establish  if  any 
j deterioration  of  their  me chanical  properties  occurs. 


Materials  lesti-.* 
and  interpre*a- 
1 1 « m 


Materials  -y  existing!  3 
pi  pe  i ; nes 


Prio.  tv  would  be  raised  if  higher  strength  steels  were 
needed  ..  • storage  vessels. 


j also  needed  to  assuie  safety  of  JJH,  pipelines  for  nonfuel 


| uses,  and  set  maximum  operating  conditions. 
I based  on  this  need. 


Priority 


pipelines. 


(b)  Specification  of 
pipelines,  trans- . 
portation  and  i 
storage  tanks  fori 
liquid-NTi,  use. 


Choice  of  materiAii  will  depend  on  results  from  project  B-l 


eveiop-  j a2Ii,jhong  term  storage 
ng;  ! of  hydrazine. 


Moderate  ibncertain  Compatibility  cf  mater. ils  with  hydrazine  is  more  limited 


to  high 


oy  effects  of  material*  on  the  decomposition  oi  hydrazine 
than  by  the  effects  of  h drazine  on  the  materials. 


! Priority  will  increase  if  genera)  use  of  CO  fuel  is 
j projected,  Work  should  be  extended  tc  new  pipeline 
j materials  if  any  deterioi alien  of  properties  of  existing 
| pipeline  steels  is  discovered. 


Table  IX-3 


PROGRAM  C:  EFFECTS  OF  OXYGEN  (BY-PRODUCT)  ON  MATERIA! 


Activity 

Type 


Materials  research. 


Project  Description 

Mechanical  Properties  of  Metals  in  High-Pressure  Oxygen. 
Studies  of  the  effects  of  long-term  exposure  of  metals 
to  high-pressure  pure  and  contaminated  02  on  their 
mechanical  behavior  and  surface  condition.  Mechanical 
tests  should  include  crack-growth  rates  and  high-  and 
low-cycle  fatigue. 


Ignition  Hazards  in  Oxygen  Pipelines. 

Determination  of  ignition  hazards  for  pipeline  steels  Materials  engi- 
in  actual  or  simulated  pipe  configurations  and  con-  nearing, test! ng 

taining  surface  cracks  or  flaws,  when  subjected  to  high  and  evaluation, 
stress  rates,  impact,  or  fatigue  m the  presence  of 
high-pressure. pure  or  contaminated  02 . 


Relates  to 

.'uel 

Problem  Area 

o* 

Oxygen  pipelines  and 
storage  vessels. 

o2 

Safety  of  oxygen 
pipelines  and 
storage  vessels. 

Reference  to 
Section  VIII 
Table 

No.  Item  No. 


Materials  Support  for  Engineering  Studies. 

Supporting  studies  of  materials  aspects  of  engineering 
and  system  design,  hazard  analysis,  economic  analysis. 


Materials  con- 
sultation. 


Feasibility  of  large 
scale  02  transporta- 
tion. 


Table  IX-3 


\ PROGRAM  C:  EFFECTS  OF  OXYGEN  (BY-PRODUCT)  ON  MATERIALS 

ik* 


msm 

■ 

Relates  to 

Reference  to 
Section  VIII 

Relevance 
to  DoD 

Priority 

Remarks 

Table 

No. 

iH 

Fuel 

Problem  Area 

F 

\ 

ls  research. 

| 

s? 

% 

'T 

o2 

Oxygen  pipelines  and 
storage  vessels. 

3 

2.4.2 

Moderate 
to  low 

3 

Apparent  lack  of  fundamental  knowledge  concerning  possible 
effects  of  long-term  exposure  of  metals  to  high-pressure 
oxygen.  Relevant  to  existing  as  well  as  projected  oxygen 
usage.  Priority  based  on  existing  and  future  usage. 

r- 

l 

la  engi- 

| 

Safety  of  oxygen 

3 

■ 

Moderate 

3 

Needed  to  confirm  safety  of  02  transportation  a.id  storage 

^testing 

pipelines  and 

to  low 

systems.  Relevant  to  existing  as  well  as  projected  oxygen 

Luatlon. 

■ 

storage  vessels. 

usage.  Priority  based  on  existing  and  future  usage. 

1 

BUS 

Q H 

■ 

i 

■ 

is  con- 

Feasibility  of  large- 

1.4.2 

Moderate  to 

2 

Large-scale  02  pipeline  and  storage  system  might  be  an 

scale  02  transporta- 

2.4.3 

low 

Important  aspect  of  the  overall  hyurogen  economy.  An 

1 

tion. 

HUB 

2.5.1 

early  technical  and  economic  judgement  on  this  question 

¥ 

s» 

Wall 

8.2.3 

is  desirable.  See  Table  IX-10,  Program  K,  Project  K-2. 

1 

1 

8.3.1 

l 


l 


Table  IX-4 

PROGRAM  D:  HIGH -TEMPERATURE  MATERIALS  STU 


Reference  t 
Section  VIII 

Project 

Activity 

Relates  tot 

Table 

No. 

Project  Description 

Type 

Fuel 

Problem  Area 

No. 

Item  N 

D-l 

Reactions  of  Water  Vapor  with  Metals  and  Ceramics  at 

High  Temperatures 

Fundamental  kinetic  studies  of  reactions  of  high 

Basic  research. 

H2 

High- temperature  com- 

1 .2.3 

H20-content  environments  with  candidate  gas 

ponents  of  gas  tur- 

1.4.3 

turbine  materials,.  Including  S13N4,  SIC,  Cb  alloys, 

bines,  scramjets, 

1 

2.1.1 

and  oxidation- resistant  coatings. 

MHD  systems. 

■ 

4.1.1 

D-2 

Creep, Fatigue  and  Oxidation  Resistance  of  High- 

Temperature  Materials  in  Hydrogen  Combustion 

Gases 

Determination  of  high  temperature  mechanical  and 

Materials  testing 

H, 

High- temperature  com- 

1 

1.2.4 

environmental  endurance  of  present  and  candidate 

and  evaluation.. 

ponents  of  gas  tur- 

1.4.3 

future  gas  turbine  materials  in  actu-1  or  simulated 

bines,  scramjets, 

2.1.1 

H2/alr  and  Hj/Oj  combustion  gases.  Ma  erials  to  be 
tested  should  include  Ni-  and  Co-bas»  superalloys, 
Cb. alloys,  dispersion-strengthened  alloys,  pro- 
tective coatings,  Si3.N4  and  SiC. 

MHD  systems. 

4.1.1 

0-3 

Erosion-Corrosion  of  High-Temperature  Materials 

in  High-Velocity,  High-Temperature  Water 

Simulation  and  investigation  of  combined  effects  of 

Materials  testing 

H* 

Watercooled  high -tern- 

1 

erosion  and  oxidation/corrosion  expected  if  hign- 

and  evaluation. 

perature  gas  turbine 

velocity  water  is  passed  thro-.gh  cooling  channel? 

or  H2/02  combustion 

in  gas  turbine  combustors,  vanes  or  blades,  or 
other  Hj/air  or  H2/02  combustion  systems. 

components . 

Table  IX— 4 


PRv.  D:  HIGH-TEMPERATURE  MATERIALS  STUDIES 


r-1  ■■■" 

Relates  tot 

Reference  to 
Section  VIII 

Relevance 
to  DoD 

■ 

Remarks 

Table 

No. 

Item  No. 

Yaffil 

Problem  Area 

■ 

High- temperature  com- 

■ 

1.2.3 

High 

i 

Basic  information  needed  for  use  of  Kj  as  a gas  turbine 

ponents  of  gas  tur- 

1.4.3 

fuel.  High  temperature  HjO  reaction  with  St,NA  and  SIC 

* 

bines,  scramjets, 

2.1.1 

likely  to  be  important  for  present  studies  concerned 

MHD  systems. 

■ ■ 

4.1.1 

with  use  of  these  materials  in  large  and  small  turbines. 

■ ■ 

Basic  studies  will  guide  further  materials  and  coating 

|H§|  :tv 



development . 

Hj  | High- temperature  com- 
ponents of  gas  tur- 
bines, sc ramjets , 

MHL  systems. 


i 


1.2,4  J High 
1.4.3 
2.1.1 
4,1.1 


Information  needed  for  use  of  Hj  as  an  aircraft  fuel. 
Project  entails  expansion  of  existing  gas  turbine 
materials  R,  D,  and  T programs  tc  include  modified 
environment  due  to  the  change  of  fuel  froli  hydrocarbons 
to  Hj. 


Hj  | Watercoolod  high -tem- 
perature gas  turbine 
or  Hj/02  combustion 
components. 


1.2.5 

1.4.3 

3.1.2 


Low 


Reed  for  project  depends  mainly  on  demonstration  of  the 
engineering  leasibllity  of  water  cooling  for  hot  com- 
ponents of  stationery  or  marine  Hj/air  or  K,/Oj  gas 
{turbines.  Lo.,g-life  nozzles  for  H_/0t  rocket  engines 


iaay  have  related  erosion-corrosion  probiers,  but 
(endurance  required  is  very  different. 


Tablo  1X-6 


Project 

No. 


(NOTE 


E-l 


E-2 


Project  Description 


Projects  A-l  and  A-2  include  the  measurement  oi  the 
mechanical  properties  of  materials  In  llj  environments 
at  temperatures  down  to  -423°F.  At  this  temperature, 
the  effoct  of  H,  envi  rons-»nt  s on  the  mechanical  behavior: 
of  materials  is  likely  to  be  less  important  than  the 
influence  of  temperature.  The  low- temperature  data  from; 
Projects  A-l  and  A-2  Till  therefore  contribute  to 
Program  E. 

Properties  of  Materials  at  Cryogenic  Temperatures 
Determination  of  physical  and  mechanical  properties  of 
metallic,  polymeric  and  composite  materials  at  cryogenic 
temperatures  as  required  to  support: 

• Engineering  design  and  development  of  H2  liquefaction 
equipment,  liquid  H2  pipelines,  transportation  and 
storage  vessels,  and  transfer  and  delivery  systems. 

• Materials  development  of  low-expansion  composites. 

• Xaterials/enginecring  development  of  insulating 
materials. 


Development  of  Low-Expansion,  High-Strength,  Light- 
Woight  Composites  for  Liquid  Hydrogen  Fuel  Tanks  and 
Transfer  Piping 

Development  of  polymeric  composite  materials  and 
structures  using  selected  controlled  orientations  of 
graphite  or  advanced  organic  fibers  to  prov.de 
low  or  Eero  expansion  coefficients  and  low  tnormal 
conductivity  in  high-strength,  stiff,  light  struc- 
tuies. 


|E-3  ; Development  of  improved  Cryogonic  Insulation 

I Materials  and  Systems 

! Material*  development  support  to  engineering  devolop- 
j ari.t  of  inpr>v.»d  intern*!  and  external  ln.iuiatio.,  for 
j (a)  Improved  !<_.*- t\Jst  lnuulat  ,>-n  systems  for  bulk 
j liquid  Sj  storage  systems. 

b)  Insulation  systems  for  aircraft  r.nd  space  vehicle 
liquid  hydrogen  tanks  able  to  function  with  hot- 
faco  temperatures  oi  J80'F,  350*F  and  650°F. 


PROGRAM  E: 

———i 


MATERIALS  FOR  SERVICE  AT  CFyoGESIC  TEMPI 


Activity 

Type 


Physical  and 
mechanical 
testing  and 
interpretation. 


Materials 

development. 


Materials 

development . 


Ueletes  *o*. 


Fuei 


Ha 

Liquid 


Ha 

Liquid 


K, 

Liquid 


Problem  Area 


Liquid  >(2  pipelines, 
transport  and 
storage  vessels, 
transfer  and 
delivery  systems. 


Aircraft  and  other 
lightweight  liquid 
hydrogen  tanks  and 
piping . 


(a)  bulk  or  transpor- 
tation storage  oi 

Hj,  liquid. 

tb)  Aircraft  and 
spsco  vehicle 
liquid  Dj  fuel 
tanks. 


Reference  to 
Section  VIII 


Table  | 
No, 


Iteis  So. 


4.1.1 
4.1.3 

2.2.1 

4.6.2 

4.7.1 

2.3.2 

3.3.3 

3.4.1 

3.5.1 

6.1.1 
6.1.2 
$.1-3 

6.1.4 

6.2.1 

6.3.1 

6.4.1 


4.6,2 


4.1,1 

3.5.5 


1 


6.3.1 
6.3.1 
| 6.4.1 
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TAblo  IX-5 


PROGRAM  S:  MATERIALS  FOR  SERVICE  AT  CRltAiEXlC  rEUl'EnATURES 


Fuel  f Problea  Are* 


Hj,  Liquid  H,  p»pe lines, 
Liquid  transport  and 

storage  vessels, 
tranc fer  and 
delivery  systems. 


tAtrcraft  a'.d  other 

lirttnoight  liquid 

ny  !rogo~  tanks  and 

piping. 

(a)  Bulk  a * f.anspor- 
tation  rtorage  of 
IU  liquid. 


(b>  Aircraft  and 
space  veMcle 

liquid  fuel 
tanV.3. 


Relevance  i 

It«-4  So.  to  DoD  1 Priority 


Ra  Bar.<t 


lettable 


Week  related  to  a*rcraft  liquid  H,  fuel  tank  Materials 
is  of  iptrial  conn.-n  to  PoP  and  high  priority  (Items  4- 
6.1.1  tbrc-gb  '•.!>. 


Likely  to  be  relatively  h:g*wccBt  Materiel*.  Low- 
axpanston  cryogenic  tank  suite,  it  Is  teduc*  chill-down 
stresses  in  tanks  end  associated  structures.  See 
also  Tsi.Io  1X-3,  Project  J-t(c). 


insulation  requirements  are  dependent  on  vehicle 
design  details. 
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Table  IX-6 


PROGRAM  K:  MATERIALS  FOR  FUEL  CELLS  AND  ELECTROLYZE 


Reference  to 
Soction  VIII 


Project 

Project  Description 

Acti  ity 
Type 

Relates  to; 

Table 

No. 

B 

Fuei 

Problem  Area 

F-I 

^raproved  Noble  Metal  Electrode  Catalysts. 

I Sob'e  metal  electrocwtftlysts  with  high  activity  and 

Materials  and 

h2 

(a)  Fuel  cell  eXfi- 

i 

8.1.3 

a 

• stability  a:  lower  caialystr.  loadings  for: 

engineering 

oioncy  and  cost . 

8.2.1 

j (a)  Alkaline  and  acid  fuel  celt  cathodes. 

development . 

j (b)  Solid  polymer  eloctrol>ve  electrolyzer  electrodes. 

(b)  SPE  electro- 

2 

Q 

lyzers. 

■ 

m 

F-2 

Nonnoble  Molal  Electrode  Catalysts, 

Nonnoblo  oatai  catalysts  with  high  activity  and 

Materials  and 

(a)  Fuel  ceil  offi- 

1 

8.1.1 

Hi 

high  chemical  add  physical  stability  at  ljC5C  for: 

engineering 

ciency  end  cost. 

8.1.2 

<a)  Alkaline  ano  act a fuel  coll  cathodes  and/or 

development 

8.2.2 

auod-ns.  and  alkaline  cleci r->lyzc"  electrodes. 

2.1.6 

(b;  Molten  carbonate  fuel  cell  r*le»: Erodes. 

(b)  Molten  carbonate 

1 

8.3.1 

Q 

fuel  cell  life. 

■ 

(c)  .’iolid  ,'olviunr  electrolyte  elertrelyzer  electrodes. 

'c)  SPE  electrolyzers. 

2 

2.2.2 

m 

F-a 

Gc.cval  E> cctrocntalyst  Studios. 

(a)  Fundamental  studies  of  the  mechanism  of  elec- 

Basic  research  and 

Various 

(a)  Elec  cocutalysts. 

1 

8.11.3 

Hi 

trocaralysis. 

screening  studies. 

(b)  Measurement  of  single  electrode  characteristics 

of  candidate  elect rocatalyst  materials. 

(t>)  Electrccatalyst 

1 

8.11.4 

Hi 

selection. 

F-4 

Special  Purpose  Eject -"ocatalysts. 

(a)  Higher  activity  anode  catalyst  and  selective 

Catalyst 

Meth- 

(a)  Direct  methanol 

1 

8.5.1 

Mo 

■ 

cathode  catalyst  for  direct  methanol  fuel  ce» is. 

development. 

anol 

fuel  colls. 

8.5.4 

(b)  Eloctrjcatalvsts  .hat  would  pe/rait  the  direct 

(bi  Electrolytic 

2 

8.5.1 

Mo 

electrolytic  production  of  methanol. 

production  of 

Hanoi , 

It)  Se!cct,"c  anode  and  cathode  catalysts  to  reduce 

Hydra- 

lc>  llydrazino  fool 

■QM 

00 

•«** 

1— 

parasitic  reactions  in  hydra dine  ,acl  celts. 

zinc 

ceils. 

8.7.3 

■ 

<d)  Ele'tyocatalyrts  for  regenerative  fuel  colls  ttat 

H, 

(d)  Regenerative 

j are  ii.wjAiUve  to  potential  cycling. 

i 

Hj/Oj  fuel  cells. 

D 

8.10.1 

Mo 

(e)  Anode  catalysts  tf’ith  inproved  \ong-tera  activity 

nh3 

(oi  Direct  SI:,  fuel 

i 

8.8.1 

Lo 

for  direct  aresenja  fuel  colls. 

cells. 



1 

Electrode  Materials  otv*  Structure  Development. 

i’iv> 

| ) (a)  ) re  proved  hydrophobic  tu^y^er  bonding  materials,  for 

Materials  and 

H, 

(a)  Alkaline  fuel 

j» 

8.1.4 

Hi 

| : alkaline  fy’-l  coils  for  service  > 1505C. 

engineering 

cell  electrodes. 

■Hi 

1 I <t>)  Improved  gas-dli fusion  electrode  structures  with 

development . 

(b)  Alkaline  fuel 

mm 

8.1.5 

Mo 

1 controlled  porosity  for  alkaline  fuel  cells. 

cell  electrodes. 

■ 

■ 

j (c)  High  surface  area  elect rodos  for  alkaline  elec- 

(c)  Alkaline  electro- 

a . i ,6 

«o 

• tropes. 

lyzers.  j 

■ 

! \<l)  Ceramics  that  can  control  wetting  angle  in  .notion 

(dl  Molten  carbonate 

■ 

3.3.2 

rLo 

| carbonate  fuel  cells. 

fuel  cells. 

■HR 

■ 

1 (e)  Materials  that  can  control  wetting  angle  in  direct 

Meth- 

(e)  Methanol  fuel 

i 

8.5.3 

So 

! act  Hanoi  fuel  colls. 

anol 

cells. 

■ 

I (f)  Dual  function  electrode  structures  of  dual  clcc- 

**2 

(I)  Regonorativc 

8.10.2 

Mo 

! trode  structures  for  roponeratlvo  fcol  colls. 

6.10.3 

m 

| f,u.'  Electrode  materials  and  conductors  with  improved 

(g)  Acid  and  alkaline 

2 

2.1.1 

Lo 

1 cortiMion  resistance. 





electrolyzers. 
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Table  IX-6 


PROGRAM  V:  MATERIAI/i  FOR  FUEL  CELLS  AMD  ELUtTiitfLyzERS 


SSM 

■ 

Reference  to  j 

Section  VI II  _ 1 

Relevance 
to  Dot) 

Priority 

Remarks 

Relates  to* 

Taole 

No. 

Item  Xo- 

Fuel 

Problem  Area 

H 

►Is  and 

ling 

went. 

H* 

(a)  Fuel  cell  effi- 
ciency and  cost. 

i 

a.  i.3 
8-2.1 

High 

2 

Lower  noble  metal  loadings  needed  to  reduce  cost  and 
resource  availability.  DoD  may  be  able  to  accept  high 
loadings  for  critical  applications. 

(b)  SPE  electro- 
lyzers. 

2 

H 

High 

1 

As  above. 

s 

5>  and 

ling 

Sent.’ 

& 

§ 

r 

1L. 

(a)  Fuel  cell  effi- 
ciency and  cost. 

1 

High 

1 

Efficient  nor.noble  metal  electrode  systems  are  needed  tc 
reduce  cost. 

(b)  Molten  carbonate 
fuel  cell  life. 

Low 

4 

Most  readily  applicable  to  fossil  lael  refoi nates. 

(c)  SPE  electrolyzers. 

High 

1 

Nonnoble  metal  catalysts  needed  to  reduce  cost. 

r 

fS> 

Is 

% 

Laeatch  and 
if  studies. 

1 

s 

Various 

(a)  Electrocatalysis. 

y 

B 

High 

2 

Long-range  basic  studies  necessary  to  provide  sound  fund 
mental  basic  for  theoretical  understanding  and  future 
advances  in  fuel  cell  and  electrolyzer  technology. 

(b)  Electrocatalyst 
selection. 

H 

8.H.4 

High 

1 

Provide  essential  basis  lor  empirical  selection  of  can- 
didate olectrocatalysts. 

j* 

I 

k 

It 

e* 

It 

l. 

fC 

i 

fif 

w 

1 

1 

k 

Meth- 

anol 

(a)  Direct  methanol 
fuel  colls. 

■ 

■ 

Moderate 

3 

Methanol  fuels  cells  would  be  of  greater  Importance  to 
DoD  if  methanol  were  adopted  as  h general  vehicle  fuel. 

(b)  Electrolytic 
production  of 
methanol . 

2 

Moderate 

■ 

Conceptual  process.  Exploratory  study  may  be  worthwhile 

(c)  Hydrazine  fuel 
cells. 

Bffifl 

Moderate 

A 

* 

Would  improve  efficiencies  of  hydrazino  fuel  cells. 

a, 

<d)  Regenerative 

Hj/02  fuel  cells. 

8.10.1 

Moderate 

2 

Regenerative  fuel  colls  offer  possible  electric  power 
storage  system. 

*H, 

(e)  Direct  KHa  fuel 
cells. 

1 

8-8.1 

how 

4 

Relevance  to  DoD  and  priority  could  increase  if  energy 
deoot  concept  with  NH,  fuel  was  developed. 

f 

fc 

& 

U and 

ting 

iont. 

£ 

te 

& 

f 

& 

£ 

ft 

| 

£• 

S 

1. 

1 

«* 

(a)  Alkaline  fuel 
cell  oloctrodes. 

1 

8.1..J 

High 

1 

Higher  temperature  operation  would  Increase  efficiency. 

(b)  Alkaline  fuel 
cell  electrodes. 

1 

8.1.5 

Moderate 

2 

Alternatives  to  polymer  bonded  structures  in  (a)  above* 

<c)  Alkaline  electro- 
lyzers. 

■ 

Moderate 

3 

Would  reduco  electrode  overpotertlals. 

(d)  Molten  carbonate 
fuel  cells. 

SS 

o 

how 

4 

Equivalent  of  hydrophobic  electrode  structures  used  in 
alkaline  fuel  cells. 

(e)  Methanol  fuel 
cells. 

8 5.3 

Coderate 

3 

Needed  to  control  methanol  cross-over  problem* 

H. 

(f)  Rogonorativo 
fuel  cells. 

i 

sViM 

8.10.3 

Moderate 

2 

Alternative  to  electrocatalysts  that  are  insensitive  to 
potential  cycling.  Project  F-4(d). 

(g)  Acid  and  alkaline 
electrolyzers. 

2 

MS** 

KSSP 

how 

4 

Longer  life  electrode  structures. 

ll 
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Table  IX-6  (Concluded) 


PROGRAM  F:  MATERIALS  FOR  FUEL  CELLS  AN1>  EIXCTROL) 


Reference  to  j 
Section  VIII  | 

B 

Activity 

Type 

Relates  tot 

Project  Description 

Fuel 

Problem  Are* 

No. 

Item  No. 

Improved  Matrix  (Diaphragm)  Materi 

(a)  Low-cost,  compact,  hlgh-conduciivlty  matrix 
materials  for  alkaline  fuel  celli  and 
electrolyzers,  able  to  operate  above  15C'  2. 

Materials  and 

engineering 

development. 

H* 

j.'itrix  materials 
ior  higher  ♦«o- 
peraturcs  in 
alkaline  elec- 
trolyzers. 

1 

2 

8.1.6 

2.1.2 

7.1.4 

(b)  Improved  ion-exchange  membranes  for  alkaline 
and  acid  fuel  cells. 

(b)  Matrix  «ysteas  for 
fuel  colls  and 
electrolyzers. 

1 

■ 

(c)  Ceramic  matrix  materials  with  controlled 
porosity  and  improved  resistance  to  thermal 

(cj  Molten  carbonate 
fuel  cells. 

1 

S.33 

cycling  Vor  molten  carbonate  fuel  cells, 
(d)  Matrix  materials  impervious  to  aethanol. 

Meth- 

anol 

(d)  Methanoi  fuel 
calls 

8.5.2 

(e)  Matrix  materials  impervious  to  hydrazira. 

nsB 

3.7.2 

(f)  Thin,  stable,  high-conductivity  matrix  materials 
for  inorganic  electrolyte  fuel  cells. 

(f>  Inorganic  solid 
el  setvolyte  full 
cells. 

i 

8.4.1 

a 

Ion-Conducting  Properties  of  Solids. 

I 

(a)  Inorganic  solids  with  ion-condiutiug  properties 
at  moderate  temperatures. 

Basic  research 
and  materials 
development. 

K* 

(a)  Inorganic  solid 
electrolyte  fuel 
cells  and  elec- 
trolyzers. 

1 

2 

8.4,2 

£.3.1 

I 

(b)  Low-cost,  solid  polymer  electrolytes  with 
higher  temperature  capability,  high  ionic 
conductivity,  good  mechanical  and  chemical 
stability. 

(b)  EPK  electrolyzers 

2 

2.2.1 

E-8 

Other  Materials  of  'Construction. 

(a)  Cell  materials  tith  matching  coefficients  of 
expansion,  seals,  electrical  contact  materials 
for  inorganic  solid  electrolyte  fuel  cells  and 

Materials  and 

engineering 

development. 

(a)  High  operating 
temperature. 

1 

£ 

3.1.1 

2.3.2 

r 

l_  - 

electrolyzers. 

(b)  Higher  temperature,  lcw-cost  frame  materials  for 
alkaline  electrolyzers,  and  low-cost  cot hods  of 
fabrication. 



~ 

(b)  Alkaline  elec- 
trolyzers. 

2 

2.1.3 

IX-33 


Table  IX-6  (Concluded* 


PROGRAM  F!  MATERIALS  FOR  FUEL  CEIXfi  AND  ELECTROLYZERS 


r 

ft. 

Reference  ti 
Section  VIXI 

|ty 

Relates  to-. 

■m 

mt 

WilllLM 

■ 

ftwl^v?  nre 

gt 

mmi 

Problem  A.'ta 

■KMRWI 

to  DoD 

Priority 

Remarks 

& 

I* 

»£ 

Ca>  Matrix  materials 

i 

8.1.6 

High 

1 

A key  item  in  increasing  the  efficiency  of  ilkaline  fuel 

k 

for  higher  ‘am- 

2 

2.1.2 

cells  am:  electrolyzers. 

fc. 

perafuras  iu 
alkaline  elec- 

2.14 

troiyzers. 

I- 

(b)  Matrix  systems  tor 

1 

Moderate 

3 

An  alternative  to  electrolyte-retaining  matrix  materials 

fuel  cells  and 
elect  i.jlyzJrs. 

(a)  above. 

(c)  :(o] ten  carbonate 

1 

8.33  ~ 

Low 

4 

Present  materials  have  limited  life. 

SBHI 

fuol  cells. 

EH 

(d)  Methanol  fuel 

1 

8.0.2 

Moderate 

3 

Would  control  methanol  cross-over. 

t 

1“ 

colls. 

1 

i|g 

tel  Hydrazine  fuel 

1 

G.Y.2 

Moderate 

3 

Would  cintjol  hydrazine  crcss-over. 

P 

5J5I 

colls. 

1 

H* 

IfJ  Inorganic  solid 

1 

8.4.1 

Low 

S 

Lower  temperature  cells  (See  Project  F-7(a) > would  be 

electrolyte  fuol 

preferable. 

if 

cells. 

Si 

Urch 

Kj 

(a)  Inorganic  3olid 

1 

8.4  2 

Moderate 

9 

Breakthrough,  analogous  to  dlscovei-yof  g -alumina,  needed 

lls 

electrolyte  fuel 

2 

t.’.! 

to  reduce  operating  temperature  of  inorganic  solid 

£ 

colls  and  elec- 
trolyzers. 

electrolyte  fuel  cells  and  electrolyzers. 

1 

1 

(b)  SPE  electrolyzers 

2 

2.2.1 

Models co 

i 

Higher  efficiency  and  reduced  cost  SPE  electrolyzers.  i 

B 

'*)  High  operating 

1 

8.4.1 

Low 

s 

Lower  temperature  systems  generally  preferred.  Project 

.»H' 

temperature. 

2 

2.5.2 

F-7(a)  could  increase  the  importance  of  inorganic  solid 

i> 

electrolyte  systens. 

l 

(b)  Alkaline  elec- 

9 

2.1.3 

Moderate 

2 

Presently  used  polysul phenes  are  limited  to  ISO’c. 

troiyzers. 

Increases  in  electrolyzer  temperatures  (See  Project  F-2(a) 

s> 

and  F-6(a>)  would  need  corresponding  improvements  in 

§ _._^, 

. . 

frame  materials. 

Table  IX-7 


PROGRAM  G:  MATERIALS  FOR  HIGH  ENERGY  DENSITY  BATTER 


■ 


Relates  to 


Project  Description 


c Ele 


Investigation  of  dendrite  growth  and  methods  tor 
controlling  it. 


Ion-Conducting  Solids. 


(a)  Optimization  of  9-alumina  electrolyte  composition 
for  Na/S  battery  for  improved  conductivity,  and 
chemical,  thermal  and  mechanical  stability. 

(b)  Search  for  new  ion-conducting  solids  with  good 
conductivity  at  moderate  temperature. 

ic)  Improved  cation  and  anion  exchange  membranes. 


Battory  Electrode  Catalysts  and  Substrates. 


(a)  Dual  function,  or  two  separate  catalysts  for  02 
evolution  and  02  reduction. 

(b)  More  active  Cl2  electrode  suustrate  for  Zr/Cl- 
batte: 


Materials  support  for  the  solution  of  battery  design 
and  construction  problems  according  to  specific 
battery  requirements.  Includes:  problems  cf  corro- 

sion by  Cl, , molten  salts,  liquid  metals,  and 
sulfur;  materials  with  matching  expansion  ccafficients; 
materials  for  cases,  seals,  electrical  feedthroughs, 
current  collectors,  electrical  insulators,  separators, 
etc;  thermal  insulation;  electrode  and  diaphragm 
materials. 


Activity 

Type 


Basic  materials 
research  and 
engineering 
uevelopmont. 


Materials 
research;  ceramic 
processing. 


Problem  Area 


All  electrically 
rechargeable  Zn 
batteries. 


Reference  To 
Section  VIII 


Table 

No. 


9.1.1  I Hi 

9.3.1 

9.4.1 


Catalyst  develop- 
ment. 


Materials 
development 
and  selection. 


Various j(b)  New  battery 


Various  (c)  Now  battery 
systems. 


Charge/discharge 
efficiency  of  Zn/ 
air,  Zn/O,  batteries. 


Various  Battery  design  and 
construction. 


9.11.1  Hi 


9.1.2  Hi 


Table  IX-7 


6 


| PROGRAM  G:  MATERIALS  FOR  HIGH  ENERGY  DENSITY  BATTERIES 

I 


ptlvlty 

Slype 

Relates  to: 

Reference  To 
Section  VIII 

Relevance 
to  DoD 

Priority 

Remarks 

Fuel 

Problem  Area 

Table 

No. 

r 

ft 

Materials 
ph  and 
tiding 
Kent. 

Zn 

All  electrically 
rechargeable  Zn 
batteries. 

1 

B 

High 

1 

Future  of  Zn/alr  battery  depends  on  solving  shape-change 
problem  in  Zn  electrode. 

vg 

it 

Si;  ceramic 

Na 

(a)  Electrolyte  for 
Na/S  battery. 

1 

9.10.1 

Moderate 

2 

Needed  for  improvement  of  efficiency  and  life  of  Na/S 
battery. 

ling. 

I 

I 

% 

Various 

(b)  New  battery 
systems. 

1 

9.10.2 

9.11.1 

High 

2 

Continuation  and  extension  of  work  in  progress.  This 
project  is  related  to  Project  F-7  and  might  be  combined 
with  it. 

Various 

(c)  New  battery 
systems. 

■ 

9.11.1 

High 

2 

Continuation  and  extension  of  work  in  progress. _ This 
project  is  related  to  Project  F-6(b) , and  might  be  con- 
tained with  it. 

| 

% 

£>: 

it  develop- 

! 

2n 

Charge/discharge 
efficiency  of  Zn/ 
air.  Zn/O,  batteries. 

■ 

9.1.2 



High 

2 

Needed  to  Improve  battery  efficiency  and  reduce  catalyst 
loadings. 

mm 

Zn 

Polarization  of  Cl2 
electrode. 

s 

■H 

Moderate 

3 

Needed  to  Improve  power  density. 

1 

L. 

Set Ion. 

Various 

Battery  design  and 
construction. 

1 

9.2.1 

9.5.1 

9.5.2 

9.6.1 

9.7.1 

9.7.2 

9.7.3 

9.7.4 

9.7.5 

9.7.6 

9.8.1 

9.9.1 

9.11.1 

Variable 

Variable 

Materials  requirements  are  generally  specific  to  particu- 
lar battery  and  materials.  R,  D,  and  T should  generally 
be  undertaken  as  integral  part  of  battery  programs, 
rather  than  as  independent,  materlals-orlented  studies. 

Table  IX--8 


PROGRAM  H:  CATALYSTS  (EXCLUDING  ELECTRO CATALYI 


Project 

No. 


Project  Description 


Long-Life  Hydrazine  Decomposition  Catalyst 
Fundamental  studies  to  elucidate  mechanism  of  deteriora- 
tion of  iridium  catalysts  and  alumina  substrate; 
development  of  improved,  long-life,  mixed-metal 
catalysts. 


Combusion  Catalysts. 

(a)  Fundamental  studies  of  mechanism  of  the  catalytic 
oxidation  of  hydrogen,  e.g.,  by  transition  metal 
carbides. 


(b)  Development  of  low-cost,  long-life  1L.  oxidation 
catalysts  that  are  resistant  to  poisoning  by 
contaminants. 


(c)  Development  of  low-ccst,  long-life,  high-activity 
catalyst  for  oxidation  of  NH3  to  + H20  without 


formation  of  NO 


(d)  Development  of  improved  catalyst  for  dissociation 
of  NH-. 


(e)  Development  of  base-metal  catalysts  for  oxidation 
of  CO  and  methanol. 


Activity 

Type 


Catalyst  R and  D. 


Catalyst  R and  D. 


Relates  to: 


Fuel 


Hydra- 

zine 


HH- 


NH 


CO, 
methanol] 


Problem  Area 


[Table 

No. 


Hydrazine  rocket 
engines. 


Reference  to 
Section  VIII 


(a)  Catalytic  combus- 
tion of  R2  for 
s ,ac»  and  water 
heating. 


(b)  Catalytic  combus- 
tion of  Hj  for 
space  and  water 
heating. 


(c)  Catalytic  combus- 
tion of  NH3  for 
space  and  rater 
heating. 


(d)  Dissociation  of 


NH,  for  improved 


combustion  and/or 
reconversion  to 
Ha- 


ve) Catalytic  combus- 
tion of  CO  or 
methanol  for  space 
and  water  hea t ing. 


Item  No. 


3.2.1 

3.2.2 


7.2.1 


7.2.1 


7.4.1 


7.3.1 


7.S.1 


Reversed  Shift  Reaction  Catalyst. 

Development  of  catalyst  for  reversed  shift  reaction 
for  production  ol'  CD  (and  methanol)  by  hydrogen 
reduction  of  nonfossil  COa . 


Catalyst 
development . 


CO, 
methanolj 


Production  of  CO  and 
methanol  from  non- 
fossil sources. 


8.3.1 


Table  IX-8 


I PROGRAM  H:  CATALYSTS  (EXCLUDING  ELECTROCATALYSTS) 


s 

^lvity 

5ype 

Relates  to: 

Reference  to 
Section  VIII 

Relevance 
to  Dop 

Priorit. 

Remarks 

Fuel 

Problem  Area 

Item  No. 

v- 

§§:- 

fit  R and  D. 

1 

Hydra- 

zine 

Hydrazine  rocket 
engines. 

1 

3.2.1 

3.2.2 

High 

2 

For  small,  long-life  hydrazine  monopropellant  control 
and  accessory  rocket  engines. 

I 

i- 

fSt  R and  D. 

1 

gi- 

$ 

1 

f 

1 

5 

1 

i 

i 

t 

Hj 

(a)  Catalytic  combus- 
tion of  Hj  for 
space  and  water 
heating. 

1 

■ 

Low  to 
moderate 

3 

Would  provide  fundamental  basis  for  Project  H-2(b) . 

(b)  Catalytic  combus- 
tion of  Hg  for 
space  and  water 
heating. 

■ 

H 

Low  to 
moderate 

3 

Would  permit  efficient,  low -temperature  combustion  of 
Hj  for  space  or  water  heating,  in  many  cases  without 
the  need  for  venting  combustion  products. 

NHj 

(c)  Catalytic  combus- 
tion of  NH3  for 
space  and  water 
heating. 

■ 

Low 

5 

Relevance  and  priority  ratings  would  increase  if  energy 
depot  concept  was  developed  using  NH3  as  the  fuel. 

NHS 

(d)  Dissociation  of 
NH3  for  improved 
combustion  and/or 
reconversion  to 

V 

1 

Moderate 

4 

For  several  applications  of  NH3  as  a fuel,  including 
direct  combustion,  vehicle  engines,  and  indirect  NH3 
fuel  cells.  Work  may  also  relate  to  Improved  NH3 
synthesis  catalysts. 

CO, 

methanol 

(e)  Catalytic  combus- 
tion of  CO  or 
methanol  for  space 
and  water  heating. 

■ 

Law 

5 

Relevance  and  priority  ratings  would  Increase  if  energy 
depot  concept  was  developed  using  methanol  as  the  fuel. 
Priority  would  increase  if  methanol  was  generally 
adopted  as  nonfossil  liquid  fuel ■ 

» 

i 

it 

jprnent. 

■ 

■ 

Production  of  CO  and 
methanol  from  non- 
fossil sources. 

2 

8.3.1 

Low 

3,5 

Needed  for  economic  production  process  if  00  (priority 
or  methanol  (priority  3)  adopted  as  general  fuels. 

Table  IX-9 


PROGRAM  J:  MISCELLANEOUS  MATERIALS  DEVELOPMENT  AND  FAB 


Reference  to 

Relates  to: 

Section  VIII 

Project 

Activity 

Table 

No. 

Project  Description 

Type 

Fuel 

Problem  Area 

No. 

Item  No. 

J-l 

Fabrication  of  Components  for  Advanced  Gas  Turbine 

■ 

• 

and  Rocket  Engine  Cooling  Systems. 

(a)  Materials  engineering  support  for  the  design  and 

Materials  engi- 

(a)  Higher  Hj  combus- 

1 

1111 

development  of  advanced  cooling  systems  for  Hj/ 

neering. 

tion  tempera- 

air  and  Hg/oxygen  fueled  gas  turbines,  combus- 
tion chambers,  vanes,  and  blades. 

tures. 

■ 

H 

(b)  Materials  engineering  support  for  the  design 

(b)  High-pressure, 

■ 

Hjsrfpfll 

and  development  of  cooled,  long-life,  rocket 

very  high-tem- 

JaliSii 

engine  combustion  chambers  and  nozzles. 

porature  environ- 
ment. 

1 1 

iim 

J-2 

Fiber-Reinforced  Cements  and  Concretes. 

Further  development  of  cements  and  concretes  rein- 

Materials  and 

Various 

Large  pressure  vessels 

2 

5.1.3 

forced  with  glass  fiber  or  chopped  steel  wire  for 

engineering 

and  storage  tanks. 

2.4.1 

large  pressure  vessels  or  storage  tanks.  Materials 
may  also  be  polymer-impregnated. 

development. 

3.4.1 

m 

Vented-Lining  Type  Construction  for  Hydrogen 

Materials  and 

H* 

Pipelines  and  storage 

3 

2.1.2 

Pressure  Vessels  and  Pipelines. 

engineering 

tanks. 

4 

2.1.2 

■ 

Vented-lining  design  used  for  high-pressure  process 
vessels  for  hydrogen  service  could  provide  protection 

development . 

1 

of  pipeline  and  storage  tank  materials  from  H2 
environments.  This  method  might  be  economically 
feasible  if  low-cost  manufacturing  and  assembly 
methods  could  be  developed. 

J-4 

Fabrication  of  Fiber-Reinforced  Composites. 

la)  Development  of  low-cost, rapid,  on-site  methods  for 

Materials  and 

Various 

(a)  °ipolines,  pres- 

3 

2.1.5 

fabrication  of  large  pressure  vessels,  pipe,  and 

engineering 

sure  vessels, 

2.3.2 

storage  tanks. 

development . 

and  storage 
tanks. 

3.3.1 

(b)  Rapid,  low-ccst  methods  for  mass  production  of 

Hj  gas 

(b)  Small  containers 

v . ■ 

EBOI 

small  and  medium  size  high-strength,  light- 

H,,  liq. 

and  associated 

BBS 

weight  pressure  vessels  for  high-pressure  gas 

NH3  liq. 

transfer  and 

BBS 

storage,  and  insulated  cryogenic  storage  of 
liquid  Hj , liquid  NH2,  etc. 

delivory  piping. 

■ 

■9 

(c)  Development  and  fabrication  of  special  low-  or 

H2  liq. 

(c)  Aircraft  and  space 

3 

zero-expansion  composite  materials  and  structures 

vehicle  tanks; 

1 1 

employing  controlled  orientations  of  graphite  or 

transfer  and 

■ I 

advanced  organic  fiber  reinforcements. 

delivery  piping. 

ms 

HH 

Friction  and  Wear  in  Gaseous  and  Liquid  Hydrogen, 

M 

■ ■ 

Study  of  friction  and  wear  behavior  of  metals  and 

Materials 

h2 

Hj  compressors  and 

2 

1 

M % 

plastics  in  gaseous  and  liquid  hydrogen.  Develop- 

research  and 

pumps. 

■MS 

HI 

ment  of  improved  materials  and  materials  combination:  . 

development. 
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Table  IX-'J 


PROGRAM  J:  MISCELLANEOUS  MATERIALS  DEVELOPMENT  IND  FABRICATION 


Reference  to 

mmm 

Relates  tc; 

Section  VIII 

| 

ty 

Table 

Relevance 

■ 

Fuel 

Problem  Area 

So. 

Item  Nc. 

to  DoD 

Remar!:  s 

>ngi- 

Ha 

(a)  Hlfc,:.cr  hj  combus- 

■ 

B 

High 

i 

Development  of  advanced  cooling  methods  is  likely  to 

tion  tempera- 

make  the  principal  contribution  to  the  use  of  higher 

tures. 

■ 

combustion  temperatures  in  gas  turbines.  This  work 
would  extend  existing  development  programs. 

(b)  High-pressure, 

■ 

High 

i 

Present  application  is  for  long-life,  re-usable  rocket 

very  high-tem- 

1 1 

engines  but  results  will  also  apply  to  R2/02  combus- 

perature  environ- 

tion  systems  for  high-temperature  industrial  steam 

meat. 

■ 

■ ■ 

svstems  and  MHD  systems. 

ind 

Various 

Large  pressure  vessels 

2 

Moderate 

3 

Materials  system  has  wide  general  applicability. 

i 

and  storage  tanks. 

t. 

ind 

\ 

Pipelines  and  storage 

3 



2.1.2 

Low 

4 

Vented-linlr.g  design  used  for  high-pressure  chemical 

l 

tanks. 

4 

2.1.2 

process  vessels  for  hydrogen  service  might  be 

t. 

' 

employed  more  widely  if  low  cost  manufacturing  and 
assembly  methods  could  be  developed. 

1 

ind 

Various 

(a)  Pipelines,  pres- 

3 

2.1.5 

Low 

4 

Prtnarily  of  concern  to  utility  industries. 

t 

sure  vessels, 

2.3.2 

t. 

and  storage 
tanks. 

3.3.1 

Hj  gas 

(b)  Small  containers 

. 

EBB 

Moderate 

3 

Relevant  to  DoD  wit.',  regard  to  on-board  vehicle  and 

IH,  llq. 

and  associated 

1 

KSB 

marine  storage  of  new  fuels,  and  fuel  supply  storage. 

NH,  llq. 

transfer  and 

DBS 

Also  relevant  to  high-pressure  or  cryogenic  storage  of 

delivery  piping. 

II 

mm 

other  gases. 

zmm 

(c)  Aircraft  and  space 

3 

pia 

High 

2 

Possibly  a superior  approach  to  on-board  aircraft 

1 1 

vehicle  tanks; 

mm 

storage  of  liquid  H..  Priority  could  be  down-gr-jed 

■ 1 

transfer  and 

■ 

if  initial  efforts  are  discouraging.  Likely  to  be 

■m 

delivery  riping. 

■ .. . 

high-cost  materials. 

"a 

Ha  compressors  and 

2 

4.1.2 

Moderate 

4 

Present  knowledge  of  friction  and  wear  behavior  of 

Kt 

t. 

pumps. 

. — 1 

.. 

materials  in  Hj  environments  is  limited. 
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Table  IX-10 


PROGRAM  K:  TECHXOECONOMIC  AND  ENGINEERING  FEASIBILITY  A.' 


— 

Relates  to: 

Reference  l 
Section  VII 

Ifll 

Project  rcscripticn 

Activity 

Type 

Fuel 

Problem  Area 

Iten 

1 

Materials  Supply  Requlret-onts  for  £l-jctroly*ers. 

A study  of  the  materials  rsq-iireiisnis  and  materials 
availability  for  eoapeting  advanced  elect, -'olyze*. 
technologies.  Materials  would  include  construction 
materials,  specialty  polymers  cud  ceramics,  noble  and 
ronnoble  electrocatalyst-J. 

Technoeconomi.c 

evaluation. 

Varies 

Planning  oi  research 
and  development 
programs  for  the  pro- 
duction of  Ii2  • 

2 

2.1 

B 

Engineering  Feasibility  and  .'colonies  of  Bulk 

Distribution  of  By-Product  Oxygen. 

Materials  support  for  *i.  engineering  systuJL  a-d 
economic  study  of  the  general  distribution  of  oxygen 
produced  tu  a by-product  of  hydrogen  production. 
Study  should  include  an  analysis  of  potential 
hazards. 

Engineering 
ai-i  economic 
evaluation. 

By-pro- 

duct 

02. 

Strategy  decisions 

3 

2.-5 

K- 3 

Technical  ami  Economic  Evaluation  of  the  Storage  of 

Hydrogen  as  Metal  H'-irlde 

Cost/benefit  analysis  of  hydrlue  systems  compared  irith 
' iquid  and  gaseous  Hg  for  vurlo  •£  storage  capacities 
and  applications,  including  peak  shaving  and  vehicle 
uses.  Ilaieriala  requirements  c major  cost  element. 

Engineering 
and  economic 
evaluation. 

«* 

Medium-  and  small- 
scale  storage  of  H* . 

•1 

7.1 
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Table  1X-10 


PROGRAM  K : TECHNOECONOMIC  AND  ENGINEERING  FEASIBILITY  AND  EVALUATION  STUDIES 


i 

^Activity 
jp  Typo 

Relates  tos 

HcierancO  to 
Section  VU1 

Relevance 
to  DoU 

■ 

Rdn.cr'is 

Fuel 

Problea  Area 

Table 

No. 

Juioeconomic 

ttuetlon. 

Various 

Planning  of  research 
and  development 
programs  for  the  pro- 
duction of  H2. 

2 

■ 

High 

A 

Information  gathered  would  also  relate  to  materials 
roqdl resents  for  large-scale  use  of  fuel  cells > Of 
high  relevance  to  Dot  because  of  policy  decisions 
relating  to  defense  materials  requirements. 

1 

St 

jf 

Rearing 

^economic 

LwMon. 

v-»*pro- 

\ct 

o2. 

Strategy  decisions 

3 

2.4.3 

Moderate 

! 

if  study  results  are  favorable,  a follcw-ilp  study  of 
the  technical  and  economic  factors  involved  In  the 
use  aspects  oi  hydrogen/nxygen  fuel  system.  Distri- 
bution study  is  given  first  consideration  because  It 
is  considered  the  key  element  in  the  overall  Hj/Oj 
system.  General  av&llaaility  of  low- cost  oxygen 
would  affect  many  Dot  Interests. 

littering 

nconoalc 

MMtlon. 

Medium-  and  small- 
scale  storage  of  tij  . 

4 

High 

2 

01  high  relovance  to  Dob  oltb  regard  to  use  of  hydrld 
for  on-board  vehicle  or  marine  storage  of  Hs . 

Study  needs  to  be  done  in  depth.  Published  eomparlso 
aro  not  considered  adequate. 

I. 
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